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Roles of IxB-a Protein Kinases in Activation of NF-kB in Breast Cancer

TECHNICAL ABSTRACT

Aberrant activation of NF-kB transcription factors has been implicated in the
pathogenesis of breast cancer. To elucidate the mechanism of NF-«B activation, we
focused our attention on the kinases that affect [kB stability. We previously demonstrated
elevated activity of IKK1, IKK2 and protein kinase CK2 (formerly casein kinase 2) in
primary human breast cancer specimens and cell lines in culture. A novel inducible IKK
protein termed IKKi or IKKe has only recently been characterized as a potential NF-kB
activator. Here we provide evidence that implicates IKKi in the pathogenesis of breast
cancer. We report that primary human tumor specimens express IKKi. Hs578T breast
cancer cells and D3-1 carcinogen transformed breast epithelial cells showed higher IKKi
expression and activity when compared to untransformed MCF-10F breast epithelial
cells. Interestingly, IKKi expression correlated with CK2a activity in mammary glands
and breast tumors of MMTV-CK2a and MMTV-CK2a/MMTV-c-rel vs MMTV-c-rel
transgenic mice. Protein kinase CK2 is a hetero-tetramer consisting of two o or o’
subunits and two 3 subunits. CK2a overexpression and CK2a stable expression in
untransformed cells led to increases in IKKi at both the mRNA and protein level.
Conversely, reduction of CK2a activity with the pharmacological inhibitor apigenin or
upon transfection of a CK2 kinase inactive subunit reduced IKKi mRNA and protein
expression in Hs578T breast cancer cells, which display high basal levels of CK2
activity. In in vitro kinase assays, IKKi phosphorylated both GST-IkB-o and GST-IxB-3
substrates; although, ectopic overexpression of IKKi in untransformed cells led to a
reduction in levels of IkB-a, but not of IkB-p3 or IkB-¢, and to increased NF-kB reporter
activity. Lastly, expression of kinase inactive IKKi mutants reduced NF-«B reporter
activity in Hs578T and NF639 Her-2/neu-driven breast cancer cells, and increased
steady-state levels of IkB-a, but not IkB-[3. Taken together these result indicate that IkB-
a s the preferred in vivo target of IKKi. Overall, these studies show a functional role for
IKKi, which is induced by the protein kinase CK2, as a mediator of NF-«xB activation in
pathogenesis of breast cancer, and suggest IKKi may be a novel target in the treatment of
breast cancer.



RESEARCH AIMS
Aim 1. Determine the levels of IKKa, IKKP and CK2 kinases in breast cancer cells,
Month 1-2

a. Evaluate mRNA expression levels.

b. Evaluate protein expression levels.
Aim 2. Evaluate activities of the IKKa, IKK[3 and CK2 kinases in breast cancer cells,
Month 1-12

a. Perform kinase assays using mutant and wild-type IxB-a fusion protein
substrates.

b. Evaluate IKKa, IKKf, and CK2 kinase activity in human and mouse
breast cancer cells, and tissues samples from multiple breast cancer
patients.

Aim 3. Elucidate the functional roles of IKKa, IKK[, and CK2 kinases in breast cancer
cell proliferation and survival, Month 1-12
a. Make retroviral vectors necessary for sense and anti-sense expression of
the CK2a and B subunits, sense expression of wild-type and dominant
negative IKKa and 8, and wild-type or mutated IxB-a proteins.

b. Introduce retroviral and/or expression vectors in mammary epithelial cells
or mammary tumor cells and select stable cell lines.
c. Investigate the effects of inhibition or overexpression of IKKa, IKKf, and

CK2 kinases in NF-kB binding and transcriptional activity, [kB-a
phosphorylation, cell growth survival and transformed phenotype.
Aim 4. Determine the levels and evaluate the activity of the newly discovered IKKe in
breast cancer, Month 12-30

a. Characterize IKKi expression in extracts of primary human breast cancer
tissue specimens.

b. Characterize IKKi expression in human and mouse breast cancer cell
lines.

c. Determine the effects of IKKi on IkB stability and NF-kB activity

Aim 5. Our findings indicated that tumor cells derived from MMTV-CK2 animals display
elevated levels of IKKi. Thus, here we will determine the effects of CK2 on IKKi levels
and activity in breast cancer, Month 18-36

a. Test the effects of inhibition of CK2 activity via apigenin in Hs578T cells
on the level of IKKi protein and mRNA expression, and kinase activity.

b. Overexpress CK2 and determine the effects on IKKi levels.

C. Inhibit CK2 using kinase inactive subunits and determine the effects on

IKKi expression in breast cancer cells.



BODY

Aims 1-2 were published previously by Dr. Romieu-Mourez (Romieu-Mourez et al.,
2001) and in collaboration with Dr. Seldin’s lab (Landesman-Bollag et al., 2001) and the
PDF of the relevant manuscripts are included as an attachment. Aim 3 was largely
characterized by Dr. Romieu-Mourez and published (Romieu-Mourez et al., 2002) and is
also included as an attachment. The research Aims 4-5 were undertaken by myself
begining in August, 2003 and are accepted for publication in Cancer Research under a
manuscript entitled ‘IKK-i/IKKe Expression is Induced by CK2 and Promotes Aberrant
NF-«xB Activation in Breast Cancer Cells’. These aims comprise the majority of this
report, with some studies expanded in the manuscript. The key research accomplishments
and conclusions encompass all of Aims 1-5. In addition, Dr. Romieu published an
additional manuscript (Romieu-Mourez et al., 2003) under DAMD 17-01-1-0158
characeterizing the functional role of c-Rel (which was not part of the original research
aims) in breast cancer. This manuscript is also included as an attachment.

Introduction

Nuclear Factor (NF)-kB/Rel is a family of dimeric transcription factors distinguished by
the presence of a 300 amino acid region, termed the Rel homology region, which
determines much of its function [1]. Classical NF-«B is a heterodimer composed of a
RelA (also termed p65) and p50 subunit. In most cells, other than B lymphocytes, NF-
kB/Rel proteins are sequestered in the cytoplasm bound to the specific IkB inhibitory
proteins, of which IkB-a is the paradigm. While the v-rel gene, carried by the highly
oncogenic avian reticuloendotheliosis virus strain T (Rev-T) is able to cause tumors in
birds, the role of NF-kB in mammalian cancers was less clear for many years [2]. Several
oncogenic mammalian viruses were shown to activate NF-kB. For example, the product
of the fax gene of the HTLV-1 virus activates NF-«B [3], which we showed mediates
transactivation of the c-myc promoter [4]. Recently, we and others have demonstrated a
role for NF-kB/Rel factors in breast cancer [5, 6]. High levels of nuclear NF-kB/Rel were
found in human breast tumor cell lines, carcinogen-transformed mammary epithelial
cells, and the majority of primary human or rodent breast tumor tissue samples. In
contrast, untransformed breast epithelial cells and normal rat mammary glands contained
low basal levels [5, 6].

The increased NF-kB/Rel activity in tumor cells has been correlated with a
decrease in stability of [kB proteins, in particular of [kB-o, which permits the released
NF-«B subunits to translocate into the nucleus [7]. To begin to elucidate the mechanism
of this increased turnover, we recently characterized the activity of several kinases
implicated in IxB-a turnover. Breast cancer specimens and tumor cells displayed higher
levels of activity of either the IxB kinase IKKa or IKKf proteins (also known as IKK1
and IKK?2) and/or the serine/threonine protein kinase CK2 (previously known as casein
kinase 2) [8, 9]. Phosphorylation of IkB-a at two serine residues (Ser32 and Ser36) by
IKKa or IKKf, which are present in a large multimeric protein structure termed the IKK
complex, which also contains multiple copies of a regulatory subunit NEMO or IKKy
[10, 11 ], leads to IxkB-o ubiquination and subsequent degradation. In the canonical
p50/RelA NF-kB induction pathway, IkB-a phosphorylation is mediated upon activation



of the IKK kinase complex. In addition to the N-terminal phosphorylation of IkB-a., it
has been shown that CK2-mediated phosphorylation of serine and/or threonine residues
[Ser-283, Ser-289, T-291 and Ser-293] within the C-terminal PEST domain of IkB-a also
affects its stability [12-15]. CK2 is ubiquitously expressed and thought to be
constitutively active as a heterotetrameric protein containing two catalytic
(o/a, a’/oLor o’/a’) and two regulatory (B/B) subunits [16, 17], although recent evidence
suggests that CK2 activity can be altered by cellular stress including UV [18, 19]. CK2-
mediated phosphorylation of the PEST domain of IxB-a has been implicated in the basal
and signal-dependent turnover of IkB-a [12-14, 20]. The mechanisms of the basal
degradation of IkB-a are not fully understood, although it has been suggested that it
involves IkB complex phosphorylation, ubiquitination and degradation by the 26S
proteasome [20] or a calpain-mediated mechanism [21]. These findings have implicated
CK2 in control of intrinsic IkB-a stability and thereby in constitutive activation of NF-
kB. Importantly, we showed that CK2 levels are elevated in primary human breast cancer
specimens as well as in established cell lines [8, 9, 22, 23].

Interestingly, an alternative complex has been identified which uses an inducibile
IKK protein initially termed IKKi, which is also known as IKKe (henceforth called IKKi)
[24, 25]. IKKi is part of an independent complex containing IKKi, TANK and TRAF
[26]. In addition, Tank Binding Kinase, TBK-1, which is highly homologous to IKKi
binds to TANK and TRAF and may form an alternative IKK complex consisting of IKKi
and TBK-1 [27]. IKKi appears to specifically phosphorylate IkB-a at Ser36 [24, 25].
While the significance of only one phosphorylation event at the N-terminus of IkB-a is
not yet entirely clear, it has been hypothesized that it may pre-dispose [kB-o towards
Ser32 phosphorylation and subsequent degradation [25]. Furthermore, this alternative
IKK complex may be involved in phosphorylation of transcription factors such as c-Jun
[26] or NF-kB/Rel directly [28], suggesting that it may be important in multiple signaling
pathways. Here, we have explored the role of IKKi in breast cancer and demonstrate
activation of IKKi in human breast tumor specimens and in breast cancer cell lines in
culture promotes the induction of NF-kB. Interestingly, IKKi expression correlated with
CK2a activity in mammary glands and breast tumors of MMTV-CK2a and MMTV-
CK2a/c-rel vs MMTV-c-rel transgenic mice, leading us to hypothesize a role for CK2 in
IKKi expression, which was confirmed. This is to our knowledge the first time that
elevated IKKi activity has been linked with breast cancer and the novel role of CK2 in
this activation elucidated.

METHODS

Human breast cancer specimen analysis. Primary human breast cancer tissue
specimens were obtained from patients undergoing surgery for treatment of breast cancer
with approval of the Institutional Review Board of Boston Medical Center. Tumors were
processed for steroid receptor analysis and any remaining tissue was considered
discarded material and used for subsequent analysis of IKKi kinase. Tissues were stored
frozen at —75°C until samples were processed for the nuclear and cytoplasmic protein
fractions, as we have described recently [29].

Transgenic mice. Creation of the transgenic MMTV-c-re/ and MMTV-CK2
transgenic was previously described [22, 29]. Breeding of MMTV-CK2 mice and



MMTV-c-rel mice created bi-transgenic MMTV-CK2 X c-rel mice. Bi-transgenic mice
were screened for transgene expression and monitored for tumor formation (S. Guo,
unpublished data). Mice were housed in a 2-way barrier at the Boston University School
of Medicine Transgenic mouse facility in accordance with the regulations of the
American Association for the Accreditation of Laboratory Animal Care. Wild type mice
used in the study were all age- and pregnancy-matched. All tissues were frozen
immediately after extraction in liquid nitrogen and stored at —80°C.

Cell culture and treatment conditions. The Hs578T tumor cell line, which was derived
from a carcinosarcoma, is epithelial in origin, and was grown, as described previously[5].
Where indicated, cells were incubated with 25 or 50 uM apigenin (Sigma) dissolved in
DMSO or a similar dilution of DMSO, as control. MCF-10F is a human mammary
epithelial cell line established from a patient with fibrocystic disease, which does not
display malignant characteristics [30]. D3-1 cells, which were derived by transforming
MCF10F cells with 7,12-dimethylbenz(a)anthracene (DMBA), were cultured as
described previously [30]. Cells were harvested when cultures had reached 75-90%
confluence. The MMTV-Her2/neu NF639 cell line was derived from mammary tumors
expressing Her2/neu and cultured as previously described [31]. Human HEK293T
endothelial derived kidney cells were cultured in DMEM supplemented with 10% FBS
(Invitrogen). NIH 3T3 fibroblast cell lines were cultured in DMEM supplemented with
10% FBS (Invitrogen), non-essential amino acids (Invitrogen), glucose-glutamine
(Sigma) and penicillin-streptomycin (Invitrogen). NIH 3T3 pBABE-CK2a cell line,
which stably express CK2a, was created by retroviral delivery and grown in the presence
of 2 pg/ml puromycin, as previously described [9]. NIH 3T3 cell lines stably expressing
pBABE-GFP was grown under the same conditions, and harvested at the same cell
confluency (75-90%) and used as control.

Plasmids and transfection analyses. The expression vectors pPCDNA3-FLAG-IKKi
(IKKi) and pCDNA3-FLAG-IKKi K38A (IKKi K38A) encode wild type and kinase
inactive forms of human IKKi, respectively (kind gift of T. Maniatis, Harvard University,
Cambridge MA [24]). The pRC/CMV-HA-CK2a’, pPRC/CMV-HA CK2a K68A and
pRC/CMV-myc-CK2p vectors were generously provided by D. Litchfield (University of
Western Ontario, Canada [32]). The pcDNA3-FLAG-IKKa or pcDNA3-FLAG-IKKf3
vectors expressing IKKa and IKKf, respectively have been described elsewhere[33]. To
evaluate NF-kB activity, wild type (WT) and mutant NF-kB element-thymidine kinase
promoter-chloramphenical acetyl transferase (CAT) reporter vectors, containing two WT
NF-«B elements (E8-CAT) or two mutated NF-kB elements (mut-E8-CAT) from
upstream of the c-myc promoter [4] or an NF-kB-element drive luciferase reporter
construct, kindly provided by G. Rawadi (Hoechst-Marion-Roussel, Romainville, France)
[34] were used. NF-kB promoter constructs used include: 1) cyclin DI promoter:
containing WT (-66 wt-Luc) or mutant (-66 mut-Luc) NF-«kB elements (kind gift of R.G.
Pestell, Lombardi Comprehensive Cancer Center, Washington DC) [29, 35]; 2) relB
promoter: containing WT (-1.7 kB) or mutant (-1.7 kB mut) versions of the two NF-xB
elements, prepared as described previously [36]. For transfection into six well plates, 4
ng total DNA was transfected per well. When using p100 tissue culture plates, 10 ug of
DNA was transfected per plate. For transient transfection into Hs578T cells, cells were
incubated for 16-24 hours with DNA and GenePorter2 (Gene Therapy Systems),
according to the manufacturer’s directions. For MMTV-Her2/neu NF639 cell lines,



transfections were performed by incubating for 16 hours in the presence of DNA and
Fugene 6 Transfection Reagent (Roche) according to the manufacturer’s directions. The
calcium phosphate method of transient transfection [37] was used with HEK293T cells,
and cultures harvested 48 hours post transfection. CAT and luciferase assays were
performed as described previously in [5] and [29], respectively. Co-transfection of an
SV40-B3-galactosidase (SV40-B-gal) expression vector was used to normalize for
transfection efficiency, as described previously [8]. Significance was determined using
the Student t-test.

Immunoblotting. Cytoplasmic protein extracts prepared in homogenization buffer (10
mM HEPES [pH 7.9], 100 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM sucrose, 10
mM NaF, 10 mM B-glycerophosphate, p-nitrophenyl phosphate, 1 mM Na3;VO,, 1 mM
DTT, 0.5 mM PMSF, 5 pg/ml leupeptin). Cytoplasmic extracts islolated from tissue
culture treated cells were prepared in RSB buffer (10 mM Tris [pH 7.4], 10 mM NacCl, 3
mM MgCl,, 0.5% NP-40, 10 mM NaF, 10 mM B-glycerophosphate, p-nitrophenyl
phosphate, | mM Na3;VO,, 1| mM DTT, 0.5 mM PMSF, 5 pg/ml leupeptin) and nuclear
extracts were prepared in DR buffer (20 mM HEPES [pH 7.9], 420 mM KCI, 1.5 mM
MgCl,, 0.2 mM EDTA, 20% glycerol). Protein concentration was measured by Bradford
assay using the Bio-Rad reagent (Bio-Rad), according to the manufacturer’s directions.
Cytoplasmic protein extracts (30 pug) were separated using 10% polyacrylamide
(PAGEN-terminal IKKi (sc-9913), C-terminal IKKi (sc-5694), IkB-a (sc-203), IkB-f3
(sc-945), and HA (sc-805) were purchased from Santa Cruz. Antibodies against IkB-¢
and c-Myc were a gift from N. Rice and M. Ernst (NCI, Fredrick MD) and S. Hann
((Vanderbilt University, Nashville TN), respectively. Competition assays for IKKi were
performed using 2 pg cognate peptide (sc-9913 P). Antibodies against cyclin D1 (06-
137), and glutathione S-transferase (GST) (27-4577-01) were purchased from Upstate
Biotechnology, and Pharmingen, respectively. A monoclonal FLAG antibody derived
from the M5 epitope (Sigma) was used to detect N-terminally FLAG-tagged proteins. To
normalize for loading, blots were stripped and reprobed with a B-actin specific antibody
(AC-15, Sigma). Quantitation by scanning densitometry was performed with a KDS1D
device (version 2.0; Kodak).

IKKi kinase assay. To prepare whole cell extracts (WCEs), cells were washed with PBS,
resuspended in cold kinase assay lysis buffer [20 mM Tris (pH 8.0), 500 mM NacCl, 1
mM EDTA, 1 mM EGTA, 10 mM B-glycerophosphate, 10 mM NaF, 10 mM p-
nitrophenyl phosphate, 300 uM Na3;VO,, 1 mM benzamidine, 250 uM PMSF, 10 pg/ml
aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin, I mM dithiothreitol, and 0.25% Nonidet-
P40] and lysed by sonication. Cellular debris was removed by centrifugation and extracts
were precleared with protein A/G agarose Plus beads (Santa Cruz) and bovine anti-goat
HRP secondary antibody (Santa Cruz) for 1 hour at 4°C. In the case of HEK293T cells,
preclearing was performed with protein A/G agarose Plus beads, and bovine anti-mouse
HRP secondary antibody (Santa Cruz) for 1 hour at 4°C. IKKi complexes were isolated
from a 500 pl reaction mixture containing 500 pg of proteins in the aforementioned
buffer with 2 pg of antibody against IKKi (sc-9913 - as defined above) for endogenous
IKKi or with an antibody against the M5 epitope of FLAG for transiently transfected
HEK293T cells expression FLAG-IKKi. The 500 pl samples in PD buffer were split into
three aliquots. One third was used for a kinase assay with GST-IxB-a as a substrate, and



one third for a kinase assay with GST- 2N-IxB-a with mutated serine residues at position
32 and 36 (to assess specificity of IKKi). Alternatively, GST-IxB- was used as a
substrate. All kinase assays were performed at 30°C for 45 minutes in the presence of 3
uCi y-P ATP and 10 pM unlabeled ATP. The kinase reactions were stopped by the
addition of PAGE-SDS sample buffer, subject to 10% PAGE-SDS and visualized by
autoradiography. The remaining one-third of immunoprecipitated proteins were subject to
immunoblot analysis for IKKi using an antibody (sc-5694, C-terminal, K-14) with an
epitope derived from a different peptide sequence of the protein.

RT-PCR. RNA was isolated using Trizol, according to the manufacturer’s protocol
(Invitrogen). Total RNA was quantified by measuring A,e and only samples with an
Az0:Ango ratio of between 1.8 and 2 used. To remove contaminating DNA, RNA samples
were digested for 30 min at 37°C with RQ1 RNase-free DNase (Promega Corporation),
according to the manufacturer’s directions. RNA was re-extracted and ethanol
precipitated. For reverse transcriptase (RT)-PCR, 1 ng RNA samples were reverse
transcribed with Superscript RNase H-RT in the presence of 150 ng of oligo-dT and 100
ng of random primers (all reagents from Invitrogen). PCR were performed in a Thermal
Cycler (MJ Research) by denaturing at 94°C for 60 sec, annealing at 57°C for 45 sec and
extending at 72°C for 55 sec for 32 cycles. The primer pairs designed using the Primer
Designer software program (Scientific and Education Software). The pairs specific for
human IKKi, which amplified a 472 bp product, were (Forward, nucleic acid position 504
bp) 5’-CGGAAGCTGAACCACCAGAA-3’ and (Reverse, 976 bp) 5’-
CCAGTGGCTGCATGGTACAA-3’. To amplify mouse IKKi, the following mouse
specific primer pairs were used (Forward, 1465 bp) 5’-CTTCAACTCAGCCAGCTATC-
3’ and (Reverse, 1892 bp) 5’-GGTGCAGGTATTCCTCTGTA-3’ (which amplified a 427
bp product). The B-actin primers were (Forward, 516) 5°-
CACTGGCATCGTGATGGACT-3’ and (Reverse, 923) 5°-
CGGATGTCCACGTCACACTT-3’ (which amplified a 407 bp product). Quantitation
was performed by scanning densitometry as above.

RESULTS

IKKi is expressed in human breast cancer primary specimens and cell lines. To
determine whether human breast tumors express IKKi, cytoplasmic extracts from six
breast cancer tissue specimens were assessed by immunoblot analysis for IKKi
expression. A band of the appropriate molecular weight for IKKi (80 kDa) was seen in 4
of the 6 samples (Fig. 1A, left panel). Analysis of B-actin levels confirmed that loading
was essentially equivalent. To verify the specificity of the IKKi bands detected in these
tumor samples, a duplicate blot was subjected to immunoblotting in the presence of 2 ug
of cognate peptide, as competitor (Fig. 1A, right panel). Detection of the 80 kDa band
was completely eliminated with the addition of the cognate peptide. The antibody also
recognized several lower molecular weight bands, which were also eliminated upon
addition of the cognate peptide; these likely represent IKKi degradation products (data
not shown). These findings indicate that IKKi is indeed expressed in multiple human
primary breast cancer specimens.

To further investigate the expression of IKKi in human mammary epithelial and
breast cancer cells, the MCF-10F, D3-1 and Hs578T cell lines were selected for
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investigation. The D3-1 cell line was derived from the immortalized untransformed
MCEF-10F cells by DMBA-mediated transformation [30]. The Hs578T breast cancer cell
line was derived from a carcinosarcoma, and is epithelial in origin. Immunoblotting of
whole cell extracts was performed using an N-terminal antibody followed showed
substantially higher levels of IKKi in Hs578T and D3-1 cells than in MCF-10F cells (Fig.
1B). (Similar data were obtained using immunoprecipitation of IKKi followed by
immunoblotting, see Fig. 1B below.) To measure IKKi kinase activity,
immunoprecipitated IKKi from the various lines were subjected to a kinase assay using
as substrate either GST-WT-IkB-a or a mutant GST-2N-IkB-a protein, which confirmed
the specificity of the assay (Fig. 1C). Of the two transformed cell lines, Hs578T exhibited
a higher level of IKKi activity compared to the D3-1 cells; although, they appeared to
contain essentially equal levels of protein as judged by immunoblotting (Fig. 1A and 1B).
No IKKi activity was detectable in the MCF-10F cells in this or a duplicate experiment
(Fig. 1B). Importantly, the two transformed cell lines display higher levels of NF-kB
activity compared to the untransformed MCF-10F cells [8], consistent with the higher
IKKi activity.

IKKi expression is elevated in mammary tissue and tumors of MMTV-CK2a and
MMTYV CK2a x c-rel bitransgenic mice. Since patient samples and human breast
cancer cell lines showed expression of IKKi, we next sought to determine whether mouse
mammary tumors display elevated levels of IKKi, and selected the following mouse
models: MMTV-CK2a, expressing the CK2a catalytic subunit, and the MMTV-c-rel,
expressing the c-Rel NF-«B subunit. Approximately 30% of female MMTV-CK2a
transgenic mice developed a variety of mammary tumors at a median age of 23 months
[22], while 31.6% of female MMTV-c-rel mouse developed one or more tumors at an
average age of 19.9 months [29]. Cytoplasmic extracts from mammary glands of age and
pregnancy matched wild type (WT) mice were compared to those from tumors and
histologically normal mammary glands of transgenic MMTV-CK2a (Fig. 2A) and
MMTV-c-rel mice (Fig. 2B). Expression of IKKi protein was extremely low in the
extracts from mammary glands of pregnant WT animals (Figs. 2A and 2B). The MMTV-
CK2a mouse tumor (7367T) displayed substantially higher levels than the WT-1 and
WT-2 mouse mammary gland (Fig. 2A), while 4 of 5 tumors derived from MMTV-c-rel
displayed a higher level of IKKi protein compared to the mammary glands of these two
WT mice (Fig. 2B). As control for protein loading, the gel was stained with Coomassie,
which indicated essentially equal loading. Interestingly, we noted that the histologically
normal mammary glands of the MMTV-CK2a mice all appeared to contain substantial
levels of IKKi as compared to the mammary glands of WT animals, whereas barely
detectable levels were present in the histologically normal glands of the MMTV-c-re/
transgenic mouse. Thus, the mammary glands of MMTV-CK2a animals appear to
express higher levels of IKKi than do the MMTV-c-rel mice, which led us to test the
potential role of CK2 in the enhanced expression.

We have recently prepared a bitransgenic MMTV-CK2 x MMTV-c-rel mice,
which exhibited a 77% incidence of breast tumor formation with the average age at onset
of 20.8 months (S. Guo, unpublished observations). If CK2 promotes IKKi levels, then
the histologically normal mammary glands of the bitransgenic mice would display
elevated levels of IKKi. Histologically normal mammary glands of bitransgenic MMTV-
CK2a x MMTV-c-rel mice were removed from the mice that developed tumors and the
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levels of IKKi protein compared in 3 animals (Fig. 2C). Substantial IKKi expression was
detected in cytoplasmic extracts of mammary glands from these mice. The tumors from
the same animal displayed somewhat higher IKKi levels. These findings are similar to the
data obtained with the MMTV-CK2a mice, and support a role for CK2 in the induction
of IKKi expression. Consistent with this hypothesis, previously we showed that the levels
of CK2 expression were highest in Hs578T cells, followed by D3-1 and then MCF-10F
cells [8]. Taken together, these data indicate that mouse and human breast cancer tissue
display elevated IKKi protein expression.

To begin to elucidate the mechanism of IKKi activation, RT-PCR was performed
using RNA isolated from a histologically normal mammary gland and a tumor from
mouse 5885 mammary glands of age. GAPDH mRNA expression levels were used to
normalize. As can be seen from the RT-PCR results (Fig. 2C, right panel), mRNA levels
of IKKi are higher in the tumor compared to histologically normal, consistent with the
protein expression of IKKi. This suggests that CK2 plays a role in up-regulation of IKKi
at the mRNA level and that this effect may be enhanced in mammary tumors compared to
mammary gland tissue.

Transient CK2 transfection elevates IKKi levels in HEK293T and NIH 3T3 cells.
The tetrameric CK2 enzyme is composed of two catalytic subunits CK2a or CK2a’, and
two CK2p regulatory subunits. To test whether CK2 can directly increase IKKi levels,
cultures of HEK293T cells were transfected with vectors expressing either the CK2a’
subunit as a HA-tagged protein (pRc/CMV-HA-CK2a’) or the regulatory subunit CK2[3
as a c-Myc-epitope tagged protein (pRc/CMV-myc-CK2), or a combination of both
vectors. WCEs were prepared and samples subjected to immunoblotting for IKKi, and for
the expression of the transfected CK2 subunits (Fig. 3A). Immunoblotting for HA or c-
Myc confirmed the expression of the CK2a’” and CK2f subunit, respectively. Expression
of either subunit alone or in combination led to a substantial increase in IKKi levels.
Analysis of B-actin confirmed equal sample loading. To confirm that CK2 acted at a pre-
translational level to increase IKKi expression, semi-quantitative RT-PCR was performed
using total RNA isolated from cells transfected as above (Fig. 3B). As a positive control,
cells were transfected with a vector expressing IKKi. Ectopic expression of either CK2
subunit led to a substantial induction of IKKi mRNA levels. Analysis of 3-actin was used
to normalize loading, and verify RNA quality. The data from two independent
experiments were quantified, normalized to B-actin, and the mean values presented
relative to empty vector pPCDNA3 control in the lower panel (Fig. 3B). Thus, transient
ectopic overexpression of CK2 leads to induction of IKKi at both the mRNA and protein
level in HEK293T cells.

To investigate the ability of CK2a to increase IKKi levels, we analyzed two
clones of NIH 3T3 cells stably expressing CK2a. (termed Clone 5 and Clone 6) compared
to parental pPBABE DNA as control. These lines, which were isolated previously through
retroviral infection and puromycin selection, display elevated CK2 activity [9]. Higher
levels of IKKi were seen in WCEs of Clone 5 and Clone 6 as compared with the clones
infected with the pPBABE-GFP control viral vector (Fig. 3C). Analysis of B-actin
confirmed equal sample loading. Thus, overexpression of CK2a leads to induction of
IKKi protein in NIH 3T3 cells.

Inhibition of CK2 activity decreases IKKi levels in breast cancer cells. To determine
whether inhibition of CK2 would lead to a reduction in IKKi expression, Hs578T breast
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cancer cells were selected since they display high levels of activity of CK2 (Romieu-
Mourez et al., 2001) and IKKi (see Fig. 1C above). Hs578T cells were incubated for 6 h
in the presence of either 25 or 50 uM apigenin, a selective inhibitor of CK2 activity, or
with an equal volume of carrier DMSO. RNA was isolated and subjected to semi-
quantitative RT-PCR (Fig. 4A). As compared to control cells treated with DMSO, a
decrease in IKKi mRNA expression was noted at 25 uM apigenin (2.5-fold) and a further
decrease in mRNA levels were seen at the 50 pM concentration (2.9-fold) (Fig. 4a).
Because 50 uM dose of apigenin, showed the greater effect on IKKi mRNA levels, it was
the dose selected to test the effects on IKKi protein. Treatment of Hs578T cells with 50
uM apigenin for 6 hours resulted in a substantial decrease in IKKi protein levels (Fig.
4B). Thus, inhibition of CK2a with a selective pharmacologic mediator leads to
decreased IKKi mRNA expression.

Since pharmacologic inhibitors may also affect other kinases, a vector expressing
kinase-inactive CK2a subunit, which functions as a competitive inhibitor with
endogenous CK2a, was used [9, 32]. Hs578T breast cancer cells were stably transfected
with a vector expressing HA-tagged kinase inactive CK2a (K68M) or an empty vector
control DNA, and CEs prepared. Hs578T CK2a (K68M) stable expressing cells
displayed lower levels of IKKi compared to empty vector control cells (Fig. 4C).
Immunoblotting for HA confirmed the ectopic HA-CK2a (K68A) expression. Taken
together, these findings indicate that CK2 activity induces expression of IKKi.

Ectopic IKKi induces the degradation of IkB-a and increases NF-xB activity in
HEK?293T cells and kinase inactive IKKi increases IxB-a stability in HsS78T breast
cancer cells. Previous studies demonstrated involvement of IKKi phosphorylates IkB-a
on Ser36 [25, 38]. We next tested the kinase activity of IKKi on IxB-a, and [kB-f3 NF-
kB inhibitory proteins, using GST-fusion forms as substrates. HEK293T cells, which
express only a low endogenous level of IKKi (Fig. 3B), were co-transfected in duplicate
with either pcDNA3-FLAG-IKKi expression vector or control pPCDNA3 empty vector
DNA [38]. As additional controls, cells were transfected with the pcDNA3-FLAG-IKKa
or pcDNA3-FLAG-IKKJ vectors expressing IKKa and IKKf, respectively. WCEs were
immunoprecipitated using a monoclonal FLAG antibody, and subjected to a kinase
assays with the appropriate kB protein substrate (Fig. 5). Ectopic expression of IKKi
resulted in a clear increase in activity with either IxB-a-GST (55 kDa) or IkB-B-GST (55
kDa) as substrate compared to the control. As a positive control for immunoprecipitation
of FLAG fusion proteins, FLAG-tagged IKKa and IKK[3 were similarly transfected,
immunoprecipitated and subjected to kinase assays using [kB-a as substrate. Thus, IKKi
can phosphorylate IkB-a and IxB-f3 in vitro.

The effects of IKKi on the steady state levels of IkB-a, IkB -f3 and IxB-¢ in
HEK293T cells were determined next. Cytoplasmic extracts were prepared 48 hours post-
transfection with either pcDNA3-FLAG-IKKi expression vector or control pcDNA3
empty vector DNA, and assessed by immunoblotting of levels of IkB expression, and [3-
actin, which confirmed essentially equal protein loading. Ectopic IKKi expression caused
a dramatic reduction in the total amount of cytoplasmic IkB-a (Fig. 5B). Only a modest
drop in IkB-P levels was detected and no effect was seen on levels of IkB-¢. Overall,

ectopic IKKi expression appears to selectively modulate stability of IkB-a protein in
HEK293T cells.
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Previous studies demonstrated IKKi induces NF-«B activity [24, 25]. To confirm
the ability of IKKi to induces functional NF-kB activity in HEK293T cells, cultures were
transiently transfected with a 2-copy NF-kB element TK-CAT reporter construct (termed
E8-CAT) in the presence of either pcDNA3-FLAG-IKKi vector expressing IKKi or
pcDNA3 empty vector DNA and an SV-40 B-gal vector to normalize for transfection
efficiency. A 3.2-fold induction of the reporter construct was seen when HEK293T cells
were transfected with pcDNA3-FLAG-IKKi compared to those transfected with the
parental pcDNA3 vector (Fig. 5C, left panel). Similarly, transient co-transfection of
pcDNA3-FLAG-IKKIi into HEK293T cells with a synthetic 5-copy kB-luciferase
construct (termed kB-luc.) resulted in a substantial increase in reporter activity compared
to cells transfected with control pcDNA3 DNA. This effect was further enhanced by the
addition of PMA (100 ng/ml) for 18 hours before measuring reporter activity (Fig. 5C,
right panel) as has been reported previously [24]. Thus, consistent with previous findings
[24, 25], IKKi induces functional NF-«B activity which is promoted by PMA. The
increase in NF-kB activity appears to be directly related to the ability of IKKi to
phosphorylate IkB-a at serine 36 promoting its subsequent degradation.

Kinase inactive IKKi K38A increases IkxB-a protein and reduces NF-xB-driven
reporter activity in Hs578T breast cancer cells. To assess the functional role of IKKi
in the constitutive NF-«xB activity detected in breast cancer cells, a kinase inactive IKKi
(IKKi K38A) with a mutation in the activation loop that blocks activity and serves as
dominant negative form was used. The effects of an increasing dose of the IKKi K38A
expression on WT vs mutant NF-kB element driven promoter activity was assessed in
Hs578T breast cancer cells using either E8-CAT or mut-E8-CAT, which is driven by two
mutant NF-kB elements (Fig. 6). Expression of the kinase inactive IKKi resulted in a
dose-dependent decrease in NF-kB activity in Hs578T breast cancer cells. In particular, a
25% reduction of E§-CAT NF-kB-driven activity at the lowest dose of 1 pg IKKi K38A
(»<0.05), and a nearly 5-fold reduction of E§-CAT activity was seen at 2 ug of IKKi
K38A (p<0.005) (Fig. 6A). At the highest dose of kinase inactive IKKi, the activity of
the WT NF-«B E8-CAT was reduced almost to that of the reporter driven by the mutant
elements mut-E8-CAT. We next sought to determine whether the inhibitory effects of
IKKi activity in Hs578T cells could be related to changes in IkB-a. levels. The remaining
extracts were subjected to immunoblot analysis. We first confirmed the expression of
IKKi K38A by using a monoclonal FLAG-specific antibody. An increasing level of
IKKi was seen with increasing dose of IKKi K38A vector, as expected. To examine
steady-state levels of IkB proteins, the blots were probed with antibodies against either
IkB-a or IkB-f. A dramatic increase in the levels of IkB-a was observed with increasing
amounts of IKKi K38A, while no change in IkB-f3 levels was observed (Fig. 6B).
Immunoblot analysis of B-actin levels confirmed equal loading. These results suggest that
the regulation of NF-xB activity by IKKi results from changes in the levels of [kB-a.,
which is a target of IKKi in breast cancer cells.

To verify that the functional role of IKKi in regulation of NF-xB was not cell type
specific, NF639 cells were selected since CK2 activity in these cells had previously been
implicated in the induction of NF-kB (Romieu-Mourez, 2002). Immunoblotting
confirmed the presence of active IKKi protein (data not shown). Cultures of NF639 cells
transfected with either pPCDNA3 or IKKi K38A expression vectors in the presence of
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either E§-CAT or mut-E8-CAT NF-kB reporter constructs. The remaining extracts were
probed for IKKi expression to confirm that IKKi K38A was being expressed. Significant
repression of the E8 reporter was observed. Thus, inhibition of IKKi in these mammary
cancer cells reduces NF-kB activity, suggesting this kinase plays a more general role in
the aberrant activation of NF-«xB in breast cancer.

IKKi K38A reduces activity of NF-xB-driven natural promoters cyclin D1 and relB
in Hs578T breast cancer cells. To test the effects of the kinase inactive IKKi on natural
promoters driven by NF-kB elements, co-transfection analysis was performed using the
cyclin D1 and relB promoters, which are each driven by two NF-«xB elements [35, 36].
Co-transfection of the IKKi K38A vector in Hs578T breast cancer cells resulted in a
dose-dependent decrease in activity of the wild type cyclin D1-luciferase reporter
construct (-66 wt-Luc), whereas the mutant —66 mut-Luc was largely unaffected (Fig.
7A). To verify IKKi K38A reduced cyclin D1 protein levels, p100 plates were transfected
with 10 pg of pcDNA3 or 10 pg of pcDNA3-IKKi K38A. 48 hours post transfection,
WCEs were isolated and subject to immunoblotting for cyclin D1, which showed
significant suppression when transfected with IKKi K38A. B-actin confirmed equal
loading. Similarly co-transfection of IKKi K38A with p1.7 re/B-Luc relB promoter-
reporter construct, containing two WT NF-«B sites, reduced luciferase activity to levels
seen with a mutant p1.7 re/B-Luc construct, which contains mutations in the two
identified NF-xB elements (Fig. 7B. left panel). Lastly, to test whether the endogenous
genes are affected, Hs578T cells were transiently transfected with IKKi K38A using
GenePorter2, which provides a transfection efficiency of ~20-30% with these cells (data
not shown). Nuclear and cytoplasmic extracts were prepared and subjected to
immunoblot analysis using a RelB antibody, which confirmed a reduction in nuclear
RelB expression (Fig. 7B, right panel). Similar results were obtained when we assessed
these extracts for cyclin D1. The blots were stripped and reprobed for B-actin, which
confirmed equal loading. Thus, taken together these studies provide strong evidence that
IKKi plays an important role in control of NF-«B activity in breast cancer cells.
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CONCLUSIONS AND DISCUSSION

Here, we demonstrate for the first time the functional role of IKKi in the aberrant
activation of NF-kB in breast cancer and implicate CK2 in the induction of IKKi mRNA
and protein levels. IKKi expression was detected in primary human breast tumor
specimens and cell lines, and mammary tumors from MMTV-CK2a, MMTV-c-rel, and
MMTV-CK2a x MMTV-c-rel bitransgenic mice. Importantly, we noted that
histologically normal mammary glands of MMTV-CK2a and MMTV-CK2a x MMTV-
c-rel bitransgenic mice also displayed elevated levels of IKKi compared to samples from
age-matched wild type mice, suggesting a role for CK2 activity in regulation of IKKi.
Ectopic expression of CK2 subunits in cells induced IKKi levels. Conversely inhibition
of CK2 with the selective CK2 inhibitor apigenin or upon expression of a kinase inactive
subunit in Hs578T breast cancer lines reduced endogenous IKKi levels. Previous studies
from our lab have shown that a hallmark of breast cancer is the aberrant activation of NF-
kB, which promotes tumor cell survival, growth and transformed phenotype [5, 9, 39].
The data presented here implicate the induction of IKKi by CK2 as a new signaling
pathway in this activation, and identify IKKi as a potential new chemotherapeutic target.

The LPS inducible kinase, IKKi was first identified as a murine IKK-like protein
that displayed high expression in the spleen with approximately 30% amino acid identity
to IKKa and IKKJ in the kinase domain [25]. Subsequently, the human form of IKKi
was also identified as having high expression in the spleen and was cloned and
characterized in Jurkat T cells [24] showing a marked increase in activity, but not
expression, upon treatment with the PKC activator PMA. Interestingly, a lack of strict
correlation was noted in the level of detectable protein compared to activity of IKKi in
D3-1 and Hs578T cells, suggesting the possible role of additional activation steps. These
data clearly indicated that IKKi played a central role in immune response, however a
precise biological role was not forthcoming. Because the similarity between IKKi and
IKKa and IKK, it was first tested for its ability to phosphorylate IkB-o using in vitro
kinase assays. It was found to specifically phosphorylate serine 36 of IkB-a and not
serine 32. It was first believed that these kinases make up part of an alternate IKK
complex that lead to NF-kB/Rel activation, however recent studies in IKKi”” MEFs [40],
have shown that LPS treatment continues to activate NF-kB/Rel activation suggesting
that the activation normally medicated by the toll-like receptor, implicated in LPS
signaling, occurs independent of IKKi. This, however, does not rule out other signaling
events from occurring. Our data shows that IKKi does indeed play a role in NF-kB
activation in breast cancer, suggesting that its function may be cell-type dependent, signal
specific or responsible for partial NF-kB/Rel activation.

Previous studies have shown that IKKi phosphorylates IkB-a in vitro, and that
induction of the kinase leads to NF-«B reporter activation. Our results confirm the ability
of IKKi to phosphorylate IkB-a in vitro, and demonstrate its ability to regulate [kB-a
levels and NF-«B activity in cells in culture. Furthermore, while our studies indicate
IKKi can also phosphorylate IkB-f3 in vitro, the steady state levels of [kB-f (and those of
IkB-¢g) were not affected by transient transfection with IKKi in HEK293T cells. Thus, our
findings suggest [kB-a is a preferential in vivo target of IKKi. Consistent with previous
work [24], we observed that the inhibition by IKKi K38A led to a decrease in activities of
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the cyclin D1 and relB promoters, which are driven by NF-kB elements, essentially down
to baseline levels.

Previous studies from our lab have shown that TGF-B1 treatment reduces NF-
kB/Rel activity in breast cancer cells [39]. It has also been demonstrated that TGF-1
treatment of NMuMG normal murine mammary epithelial cells leads to a detectable
suppression of basal IKKi mRNA expression by 1 hour, and to a nearly complete
suppression between 6-24 hours [41]. Consistent with our data presented in this
manuscript, hepatocytes treated with TGF-B1 block activity of CK2 and stabilize IxB-a
levels [42]. Breast cancer cell lines and tumor specimens have been shown to express
elevated levels of CK2 [8, 9, 22, 23, 42]. Thus, taken together, these results suggest that
TGF-B1 treatment reduces CK2 activity, which can have a direct effect on IxB-a stability
and may also suppress IKKi expression further enhancing stability of IkB-a and blocking
subsequent NF-xB/Rel activation. Overall, our studies identify for the first time a role for
IKKi in NF-kB/Rel activation in breast cancer and identify its potential role as a
theraputic target in the treatment of breast cancer.
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Figure Legends

FIG. 1. IKKi is expressed in breast cancer cells. A) Cytoplasmic extracts were prepared
from the indicated human breast tumor specimen and samples (50 pg) used to prepare
duplicate blots. These were subjected to immunoblotting with 2 pg of antibody specific
for IKKi (Q-15, sc-9913) in the absence or presence of excess [2 pg] cognate IKKi
peptide as competitor. One blot was stripped and reprobed with an antibody against [3-
actin to confirm loading. B) Whole cell extracts (50 pug) were prepared from human
mammary epithelial cells and subjected to immunoblotting for IKKi expression. C)
Whole cell extracts (WCEs) were prepared in PD buffer and precleared with Protein A/G
Agarose beads and anti-goat secondary IgG HRP conjugated antibody. IKKi complexes
were immunoprecipitated from 300 pg of protein using an N-terminal derived antibody.
One third was used for a kinase assay on a GST-WT-IkB-a as substrate (KA), one third
for a kinase assay on a GST-2N-IkB-a as substrate (KA) and one third for western
blotting for IKKi (K-14, sc-5694, a C-terminal derived antibody) (IB).

FIG. 2. IKKi expression in mouse tumor models. Cytoplasmic extracts were prepared
from mammary glands of age-matched wild type (WT) mice and histologically normal
mammary glands from transgenic mice (N), and transgenic mouse tumor(s) (T), as
indicated: A) MMTV-CK2a transgenic mice; B) MMTV-c-rel transgenic mice; C) (left
panel) MMTV-CK2a X MMTV-c-rel bi-transgenic mice. Samples (50 ng) were
subjected to immunoblotting for IKKi expression. Coomassie blue staining of duplicate
gels was performed to confirm essentially equal loading. C) cDNA was prepared from
RNA islolated from MMTV-CK2 X MMTV-c-rel bi trasnsgenic mice and a
histologically normal sample and a tumor sample from mouse 5885 was used to
determine IKKi expression levels. GAPDH confirmed equal loading.

FIG. 3. IKKi is induced by ectopic CK2 expression in HEK293T and NIH 3T3 cells. A)
Cultures of HEK293T cells (in 6 well P-60 dishes) were transfected in triplicate with 1
png of pPRC/CMV-HA-CK2a’ or pRC/CMV-myc-CK2[3 DNA alone or in combination
and enough pCDNA3 (CMV driven) vector to make a total of 2 g DNA. Samples of
cytoplasmic extracts (50 pg) were subjected to immunoblot analysis for IKKi expression.
To confirm expression of CK2a” and CK2 the blot was stripped and re-probed with
antibodies specific for HA and c-Myc, respectively. Equal loading was confirmed by
probing the blot with a B-actin antibody. B) HEK293T cells were transfected as above
with pRC/CMV-HA-CK2a’ or pPRC/CMV-myc-CK23 DNA alone or in combination, or
with 2 pg of pCDNA3-FLAG-IKKi expressing FLAG-tagged IKKi, as a positive control.
RNA was prepared using Trizol reagent, and digested with DNase. Samples (1 pg) were
used for first strand cDNA synthesis, and a 2 ul aliquot (total 50 ul) used to perform RT-
PCR analysis for IKKi and B-actin. Two independent experiments were performed,
quantified, normalized to B-actin, and the mean level of expression relative to the control
pCDNA3 DNA for the two experiments is given. C) Clones of NIH 3T3 cells infected
with either pPBABE-CK2a retrovirus expressing CK2a or a parental pPBABE-GFP vector
were isolated as described previously [9]. Samples of whole cell extract (50 ng) were
subjected to immunoblotting for either IKKi or B-actin, which confirmed equal loading.

19



FIG. 4. IKKi suppression in epithelial breast cancer cells trough inhibition of CK2. A
Hs578T cells were grown in 6 well plates and treated with 25 uM or 50 uM for 6 hours.
RNA was harvested using Trizol reagent and DNase treated. 1 pg of DNase-treated RNA
was used for first strand synthesis and a 2 ul aliquot was used for RT-PCR analysis of
IKKi expression. RT-PCR for B-actin was performed to confirm that the starting material
was of the same concentration. The experiment was performed in duplicate with identical
results. B Hs578T breast cancer cells were treated with apigenin for 6 hours at a
concentration of 50 uM. Whole cell extract was prepared and 50 pg was electrophoresed,
blotted and probed for IKKi expression. Blots were stripped and reprobed with a B-actin
antibody to confirm equal loading. C Hs578T cells were transfected with either 2 pug of
empty parental vector or 2 ng of a kinase inactive construct of CK2a (pRc/CMV-HA-
CK2a K68M, labeled CK2a KI). Cells were harvested and collected 16 hours post-
transfection, washed with PBS and lysed in RIPA buffer. Immunoblots were prepared
with 50 ng of whole cell extract and probed for IKKi expression. Confirmation of the
kinase inactive CK2a was confirmed by probing with a CK2a antibody and equal
loading was confirmed by probing the blot with an antibody for B-actin.

FIG. 5. IKKi phosphorylates IkB-a and IkB- in vitro and overexpression of IKKi
increases [kB-a turnover and NF-«xB activity in vivo. A) HEK293T cells were plated in
p100 dishes and transfected the following day with 10 ug of pcDNA3, pcDNA3-FLAG-
IKKi, pcDNA3-FLAG-IKKa or pcDNA-FLAG-IKK. 48 hours post transfection, cells
were harvested and lysed in PD buffer and 150 pg was subject to immunopurification
using a monoclonal FLAG antibody (Sigma). Immunocomplexes were precipitated using
Protein A/G agarose (Santa Cruz). One half of the purified immunocomplexes were
subject to kinase assays with y->’P-ATP using 200 ng of GST- IkB-a and IkB-p as
substrates. Transfections and reactions were performed in duplicate. FLAG tagged
IKKa and IKKf were immunoprecipitated with the monoclonal FLAG antibody using
GST-IkB-a as a substrate for positive controls. Negative controls consisting of
immunoprecipitated protein extract from empty vector transfected cells, substrate and -
32p_ATP were also run. B) HEK293T cells were transfected triplicate with 2 ug of empty
parental vector or pcDNA3-FLAG-IKKi. 48 hours post transfection, cells were harvested
and cytoplasmic extracts prepared. 20 pg of cytoplasmic extract was electrophoresed,
blotted and probed for IkB-a, IkB-f and IkB-¢ expression. Odd numbered lanes
represent empty vector transfected and even numbered lanes represent pcDNA-FLAG-
IKKi transfected HEK293T cells. Blots were stripped and probed with B-actin to control
for equal loading. A control blot was probed with a monoclonal FLAG antibody detecting
FLAG-IKK:i fusion protein. C) NF-«xB activity in response to transient IKKi expression
in HEK293T cells. HEK293T cells were co-transfected in duplicate with 2 ug of E§-CAT
reporter construct, 0.5 pg of SV40-B-gal and either 2.5 pg of pCDNA3 or 2.5 pg of
pCDNA3-FLAG-IKKi. CAT activity was measured and normalized to (3-gal levels.
Alternatively to test NF-xB reporter activity, cells were transfected in triplicate with 1 pg
kB-luciferase reporter construct, 0.5 ng SV40--gal and 2 pug of pPCDNA3 or 2 pg of
pCDNA3-FLAG-IKKi. One day post transfection, cells were treated with 100 ng/ml
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PMA and harvested 18 hours later when luciferase activities were determined and
normalized to B-gal activity levels.

FIG. 6. Inhibition of IKKi activity in breast cancer cell blocks NF-kB activity and
increases the levels of IkB-a.. A) NF-kB E8-CAT reporter activity in Hs578T cells is
reduced by dn-IKKi in a dose-dependent manner. Hs578T cells were co-transfected, in
triplicate, with either 2 ug of E8-CAT reporter construct or 1 pg of mut-E8-CAT along
with 1 pg of SV40-B-gal, to normalize for transfection efficiency, and increasing
concentrations of pPCDNA3-FLAG-IKKi K38A [0-2 ng] while maintaining a 4 g total
DNA concentration with parental pCDNA3 vector. Whole cell extracts (WCEs) were
prepared, normalized for transfection efficiency and subjected to CAT assays. Values for
the mean +/- SD are presented. Significance was determined using the Student t-test. B)
IKKi K38A leads to an increase in steady state levels of IkB-o in Hs578T breast cancer
cells. Whole cell extracts (20 pg) from above were subjected to immunoblot analysis for
the FLAG epitope, to confirm IKKi expression. The blots were stripped and re-probed
with an antibody for IkB-a., IkB-f3 and subsequently for -actin, which confirmed equal
loading. C) NF-«B E8-CAT reporter activity in MMTV-Her2/neu NF639 breast cancer
cells is reduced by dn-IKKi. MMTV-Her2/neu NF639 cells were co-transfected in
triplicate with 2 pg of pPCDNA3 parental vector or pcDNA3-FLAG-IKKi K38A, 0.5 pg
E8-CAT reporter construct and 0.5 pg of SV40-B-gal for normalization of transfection
efficiency. Western blotting for IKKi confirmed that IKKi K38A transfected NF639 cells
expressed higher levels of IKKi compared to EV controls.

FIG. 7 IKKi K38A suppresses cyclin D1 and relB promoter activities and expression in
Hs578T breast cancer cells A) Cyclin D1 luciferase reporter activity is blocked by dn-
IKKi. Left panel, Hs578T cells were co-transfected, in triplicate, with either 1.0 pg
cyclin D1 —66 luciferase or cyclin D1 mut-66 luciferase reporter construct along with 1.0
pg of SV40-B-gal and increasing concentrations of pPCDNA3-FLAG-IKKi K38A (0-2.0
pg) while maintaining a 4 pg total DNA concentration with parental pCDNA3 vector.
WCEs, were subjected to luciferase assays and normalized for transfection efficiency.
Values for the mean +/- SD are presented. Significance was determined using the Student
t-test. Right panel, Hs578T breast cancer cells were plated in p100 plates and transfected
with 10 pug of pPCDNA3-FLAG-IKKi K38A, WCEs were prepared and 30 ug WCE was
electrophoresed and subjected to immunoblotting for cyclin D1 expression. B) rel/B
luciferase reporter activity is inhibited by IKKi K38A. Left panel, Hs578T cells were co-
transfected, in duplicate, with either 1.0 pg —1.7 kb rel/B luciferase or —1.7 kB mut-re/B
luciferase reporter construct along with 1.0 pg of SV40-B-gal and 2.0 ng of pCDNA3 or
2.0 ng of pCDNA3-FLAG-IKKi K38A. Results are typical of two independently
performed experiments. WCEs, normalized for transfection efficiency, were subjected to
luciferase assays. Values for the mean +/- SD are presented. Significance was determined
using the Student t-test. Right panel, IKKi expression reduces cytoplasmic and nuclear
levels of RelB in Hs578T breast cancer cells. Hs578T breast cancer cells were plated in
p100 plates and transfected with 10 pg of pPCDNA3-FLAG-IKKi K38A. Cytoplasmic and
nuclear extracts were isolated, and samples (20 pg and 10 pg, respectively) subjected to
immunoblotting for RelB and cyclin D1 expression.
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ABSTRACT

The Her-2/neu oncogene, the second member of the epidermal growth
factor (EGF) receptor family, encodes a transmembrane tyrosine kinase
receptor. Overexpression of Her-2/neu in ~30% of breast cancers is
associated with poor overall survival. Recently, we have found that Her-
2/neu activates nuclear factor (NF)-kB via a phosphatidylinositol 3 kinase
(PI3-K)-Akt kinase signaling pathway in mouse mammary tumor virus
(MMTV)-Her-2/neu NF639 mouse breast cancer cells. Surprisingly, the
IkB kinase (IKK) kinase complex, implicated in proteasome-mediated
degradation of | kB-a and activation of NF-«kB via the canonical pathway,
was not activated in these cells. Degradation of | kB-a was mediated via
calpain, which in B cellsis facilitated by phosphorylation of | kB-« by the
protein kinase CK2. Here, we report that the inhibition of CK2 blocks
Her-2/neu-mediated activation of NF-«kB. NF639 breast cancer cells, sta-
bly expressing CK2a or CK2a' kinase-inactive mutants, displayed de-
creased NF-kB binding and reduced ability to grow in soft agar, aswell as
increased sensitivity to tumor necrosis factor (TNF)-e killing. Similarly,
CK?2 kinase-inactive subunits inhibited NF-«B activity in Hs578T human
breast cancer cells, which also display elevated CK2 activity. In NIH 3T3
fibroblasts, which express low basal NF-«kB and CK2 activities, overex-
pression of CK2 by retroviral gene delivery led to increased | kB-« turn-
over and theinduction of classical NF-kB (p50/RelA). Thus, CK2 playsan
important rolein Her-2/neu signaling, promoting | kB-« degradation and,
thereby, NF-kB activation. Furthermore, because ectopic CK2 activity
appear s sufficient to induce NF-kB, the elevated CK 2 activity observed in
many primary human breast cancers likely plays a role in aberrant
activation of NF-kB and, therefore, represents a potential therapeutic
tar get.

INTRODUCTION

NF-«xB*/Rel is a family of dimeric transcription factors distin-
guished by the presence of a 300-amino-acid region, termed the Rel
homology domain (1). The NF-«B family includes five known mem-
bers in mammals: p50/p105, p52/p100, c-Rel, RelB, and RelA (p65).
Classical NF-kB complexes are composed of p50/RelA heterodimers.
In most untransformed cells, other than B lymphocytes, NF-«xB/Rel
proteins are sequestered in the cytoplasm bound to the specific 1kB-
inhibitory proteins, of which 1kB-« is the paradigm. A variety of
agents that activate NF-«B, e.g., TNF-a and interleukin 1, mediate
degradation of 1kB-a via a canonical pathway involving phosphoryl-
ation of kB on two NH,-terminal serine residues by a large multi-
subunit complex composed of the two IKKs IKKa and IKKB (2, 3).
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This phosphorylation is followed by ubiquitination and rapid protea-
some-mediated degradation of |B, alowing for translocation of free
NF-«B to the nucleus. In addition, phosphorylation of |xB by protein
kinase CK2 (formerly casein kinase I1) has been implicated in basal
IkB-« degradation (4—8). CK2-mediated phosphorylation of [«B-«
occurs preferentially at Ser-283, Ser-289, Thr-291, and Ser-293 within
the COOH-terminal PEST domain, and mutations of these sites pro-
long | kB-a half-life (5, 7, 8). In lymphoid cells, an aternative calpain-
mediated | kB-a degradation pathway was described that contributed
to the constitutive NF-kB activation seen in these cells (9). Moreover,
we demonstrated that CK2 phosphorylation accelerates cal pain-medi-
ated degradation of 1B in B cells (10). Thus, two alternative phos-
phorylation signals and proteolytic systems regulate degradation of
kB and activation of NF-«B in what appears to be a signal-and cell
type-specific manner.

CK2 is a highly conserved serine/threonine kinase that recognizes
the general consensus sequence (S'T)XX(D/E). CK2 is a constitu-
tively active kinase that is ubiquitously expressed in both the cyto-
plasm and nucleus of eukaryotic cells and exists in cells as a holoen-
zyme containing two catalytic (CK2a or CK2a') and two regulatory
(CK2p) subunits. The two catalytic subunits are highly homologous,
but CK2«a' has a unique required role in spermatogenesis (11). The
crystal structure of human CK2a,8, was recently solved, showing
flexible interdomain and intersubunit interactions in which each cat-
alytic subunit makes no direct contact with the other and each inter-
acts with both regulatory subunits, via the NH_-terminal lobe of the
catalytic subunit and an extended COOH-terminal tail of the regula-
tory subunit (12). CK2 is essential for cell viability, and many of the
>160 CK2 substrates identified thus far are growth- and cell cycle-
related (13). Overexpression or inhibition of CK2«, CK2a', or CK23
subunits was shown to affect proliferation; however, results varied
greatly with cell type (14-17). Overexpression of CK2 has been
observed in many human cancers, including breast cancers (18-21).
Furthermore, we have shown that enforced CK2« expression in trans-
genic mice is sufficient to induce T-cell lymphomas (22) and breast
cancer (19).

We and others have demonstrated aberrant activation of NF-«B
factors in breast cancer (23-27). High levels of nuclear NF-«B/Rel
were found in human breast tumor cell lines and in the majority of
primary human and rodent breast tumor tissue samples. In contrast,
untransformed breast epithelia cells and normal mammary glands
contain low basal levels of nuclear NF-xB/Rel. In breast cancer cells,
elevated levels of NF-«B correlated with a decrease in the half-life of
IkB-a protein (25). We observed that many primary breast tumor
tissue samples and human cancer cells display an increase in either
CK2 or IKK activity (20).

Recently, we have found that the Her-2/neu protein activates
NF-kB via a PI3-K- to Akt kinase-signaling pathway that can be
inhibited via the tumor suppressor PTEN (28). The Her-2/neu (or
c-erbB-2) oncogene, the second member of the EGF receptor family
(EGFR-2), encodes a transmembrane tyrosine kinase receptor. Over-
expression of Her-2/neu, which is seen in ~30% of breast cancers, is
associated with poor overal survival, increased metastatic potential
and resistance to chemotherapeutic agents (29). Surprisingly, degra-
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dation of I1kB-a in the MMTV-Her-2/neu-derived mammary tumor
cells NF639 (30) did not appear to be mediated via the IKK complex
or the proteasome but, rather, was blocked on addition of calpain
inhibitors (28). This raised the question of involvement of CK2 in
activation of NF-«kB in NF639 cells, which we have addressed here.
Expression of kinase-inactive CK2 catalytic subunit mutants de-
creased basal NF-kB activity in NF639 cells, as well as in Hs578T
human breast cancer cells, which were shown to overexpress CK2
(20). Furthermore, the inhibition of CK2 enhanced susceptibility to
cell death and inhibited transformed phenotype of NF639 cells. Con-
versely, ectopic CK2 was sufficient to induce NF-«B activity in NIH
3T3 fibroblasts, which express low basal NF-kB and CK2 activities.
These studies indicate that CK2 directly controls NF-kB activity,
which, in turn, modulates the survival and transformed phenotype of
breast cancers, including those in which Her-2/neu is amplified.

MATERIALS AND METHODS

Cell Culture and Treatment Conditions. The NF639 MMTV-c-neu
mouse mammary tumor cell line (kindly provided by P. Leder, Harvard
Medical School, Boston, MA) was cultured as described previously (30).
NMuMG is an untransformed, immortalized mouse mammary epithelia cell
line and was cultured as described previously (31). The HS578T human breast
tumor cell line, which was derived from a carcinosarcoma and is epithelial in
origin, was grown as described previously (24). NIH 3T3 mouse fibroblast,
293T human embryonic kidney cell line, and Phoenix packaging cell lines
were cultured in DMEM supplemented with 10% FCS and penicillin-strepto-
mycin (Invitrogen Life Technologies, Inc., Carlsbad, CA). For protein synthe-
sis inhibition, exponentially growing cells were treated with 30-50 pg/ml
cycloheximide (Sigma-Genosys Inc., The Woodlands, TX).

Transfection Conditions. For transfections, Fugene reagent was used ac-
cording to the manufacturer’s directions (Roche Diagnostics Corporation,
Indianapolis, IN). To evaluate transcriptional activity, cells were transfected in
triplicate with an NF-kB element-luciferase reporter vector, driven by three kB
elements from upstream of the MHC class | promoter, kindly provided by A.
Chan (Mt. Sinai School of Medicine, New York City, NY; Ref. 32). The
SV40-promoter B-gal (pSV40-B-gal) reporter vector was used to normalize
transfection efficiency. Luciferase assays were performed as described previ-
ously (33). Statistical analyses were performed using the Student’s t test. The
pSVK3-human 1kB-a WT, 2N (S32A and S36A), 3C (S283A, T291A and
T299A), and 2N3C (S32A, S36A, S283A, T291A, and T299A) plasmid
vectors were a kind gift from J. Hiscott (Institut Lady Davis de Recherches
Medicaes; Ref. 5). The pRc/CMV2 HA-tagged CK2a (pZW2), pRc/CMV 2-
HA-CK2a K68M (pGP8), pRc/CMV2-HA-CK2a' (pGP3), and pRc/CMV 2-
HA-CK2a' K69M (pGP18) vectors, and the backbone empty vector were
provided by D. W. Litchfield (University of Western Ontario, Ontario, Canada;
Ref. 34). The CK2a K68M or CK2a' K69M mutants contain a single point
mutation in the kinase domain of CK2« and CK2a' catalytic subunits, respec-
tively, and are devoid of kinase activity (34). The pRc/CMV 2 plasmid contains
a neo-resistance gene driven by the CMV promoter (Invitrogen Life Technol-
ogy). To establish stable transfectants, P100 dishes of cells were transfected
with 20 ug of the appropriate pRc-CMV constructs. After 48 h, cells were
selected with 600 wg/ml geneticin (Invitrogen Life Technology) for 10 days,
and then grown in the presence of 100 wg/ml geneticin. Alternatively, cells
were cotransfected with 1 ug of the pGK puro selection plasmid, selected with
4 pg/ml puromycin (Sigma) for 4 days, and then grown in the presence of 1
pg/ml puromycin.

Retroviral Gene Delivery. The murine CK2a ¢cDNA (22) was excised
from the pcDNA3.0 vector (Invitrogen Life Technologies, Inc.) by BamHlI
digestion and subcloned into the BamHI site of the pBabe-puro ecotropic
retroviral vector (35), yielding pBabe-puro-CK2a. Phoenix packaging cells
were used for the generation of retrovirus, which were selected with 500 pwg/ml
hygromycin to increase Gag and Pol vira protein expression. Briefly, P100
dishes of 80% confluent Phoenix cells were transfected with 15 ug of pBabe-
puro-CK2a or pBabe-puro along with 5 ug of an Env-expressing vector. After
24 h, the medium was changed. and cells were incubated for another 24 h at
32°C to increase retrovirus half-life. Supernatants containing retrovirus were

then harvested, filtered and transferred on NIH 3T3 target cellsin the presence
of 2 ug/ml polybrene (Sigma). After 24 h, infected cells were washed, selected
with complete medium plus 4 ug/ml puromycin for 4 days, and expanded in
medium containing 1 pwg/ml puromycin. Single cell clones were isolated by
limiting dilution. As a positive control, cells were infected with the pBabe-
puro-GFP retrovirus, indicating more than 90% efficiency in retroviral infec-
tion of NIH 3T3 cells (data not shown).

EMSA. The sequence of the WT URE NF-«B-containing oligonucleotide
from the c-myc geneis asfollows: WT, 5'-AAGTCCGGGTTTTCCCCAACC-3'
(36). The core element is underlined. The mutant URE has a two G-to-C-bp
conversion, indicated in bold, which blocks NF-«B/Rel binding: 5'-AAGTCCGC-
CTTTTCCCCAACC-3'. The sequence of the Spl oligonucleotide is 5'-ATTC-
GATCGGGGCGGGGCGACC-3'. The Octl oligonuclectide has the following
sequence: 5'-TGTCGAATGCAAATCACTAGAA-3'. Nuclear extracts from cell
lines were prepared and samples (2.5-5 .g) subjected to EMSA as described (24).
For antibody supershift analyss, the binding reaction was performed in the
absence of the probe, the appropriate antibody was added, and the mixture
incubated for 16 h at 4°C. The probe was then added and the reaction incubated
an additional 30 min a 25°C and the complexes resolved by gel eectrophoress,
as above. Antibodies used included: anti-RelA (C-20): sc-372, anti-p50 (NLS):
sc-114, anti-p52 (K-27): sc-298; and anti-c-Rel (C): sc-71 (al from Santa Cruz
Biotechnology, Santa Cruz, CA). When indicated, 250 ng of either |kB-a-GST
fusion protein or GST aone or excess unlabelled WT or mutant oligonucleotide
was added to the binding reaction just before addition of the probe. Data were
quantified by densitometry using a Molecular Dynamics densitometer.

Immunoblotting. To prepare WCESs, cells were washed with PBS, resus-
pended in cold PD buffer [40 mm Tris (pH 8.0), 500 mm NaCl, 1 mm EDTA,
1 mm EGTA, 10 mm B-glycerophosphate, 10 mm NaF, 10 mm p-nitrophe-
nylphosphate, 300 um NagVO,, 1 mm benzamidine, 2 um phenylmethylsul-
fonyl fluoride, 10 wg/ml aprotinin, 1 wg/ml leupeptin, 1 wg/ml pepstatin, 1 mm
DTT, and 0.1% NP40]. Cells were lysed by sonication, and debris was
removed by centrifugation. Samples of WCEs or nuclear extracts, prepared as
described above, were separated by electrophoresis in polyacrylamide-SDS
gels, transferred to polyvinylidine difluoride membrane (Millipore, Bedford,
MA) and subjected to immunoblotting. Monoclona antibodies specific for
HA-tag (F7) and B-actin (AC-15) were purchased from Sigma. The rabbit
polyclonal antibody specific for the CK2« subunit of human CK2 (residues
70-89) was from Stressgen (Victoria, British Columbia, Canada). Antibodies
specific for mouse 1kB-a (C-21), sc-371, and human |kB-a (C-15), sc-203,
were from Santa Cruz Biotechnology. Antibodies specific for NF-«B subunits
were the same as those used for the supershift assays.

CK2Kinase Assay. Samples (2 ug) of WCEs were incubated with a1l mm
solution of the CK2-specific peptide substrate RRREEETEEE (Sigma-Geno-
sys Inc.) in a CK2 kinase buffer {100 mm Tris (pH 8.0), 20 mm MgCl,, 100
mm KCl, 0.1 ug/ml BSA, 100 um NagVO,, 5 uCi [y-*?PIGTP} at 30°C for 10
min. The reaction was stopped by adding 25 ul of 100 mm ATPin 0.4 N HCI.
Samples were spotted onto a P81 Whatmann filter and washed four times in
150 mm H5PO, to remove unincorporated [y-*P|GTP; phosphorylated pep-
tides were measured by scintillation counting. The samples were assayed in
duplicate, and the background kinase activity in the absence of the peptide
substrate was subtracted. For evaluation of phosphorylation of IkB-«, 10 to
20 pg of WCEs were diluted to 10-ul final volume in PD buffer. After the
addition of 15 ul of buffer D {100 mm Tris (pH 8.0), 100 mm NaCl, 50 mm
KCl, 20 mm MgCl,, 100 um NagVO,, and 10 uCi [y->?P|GTP}, reactions were
incubated at 30°C for 30 min in the presence of 200 ng GST-wtlkB-a as
substrate. Alternatively, GST-3Cl«B-«, with three point mutations at S283A,
T291A, and T299A, kindly provided by J. Hiscott, was used as substrate (5).
The kinase reaction was stopped by the addition of 2X SDS-PAGE sample
buffer, and the mixture subjected to SDS-PAGE analysis and visualized by
autoradiography. To evaluate the kinase activity of transfected WT or mutant
proteins HA-CK2a or HA-CK2a' in cell extracts, samples (100 ng) of WCEs
were precleared with protein G-Sepharose beads (Amersham Pharmacia Bio-
tech AB, Piscataway, NJ) for 1 h at 4°C. The HA-tagged CK2 proteins were
collected using 1 ug of the HA-tag F7 antibody. Controls included immuno-
precipitations performed with norma polyclona mouse 1gG (Santa Cruz
Biotechnology). After 16 h of incubation and extensive washing, immunopre-
cipitates were subjected to a CK2 kinase assay, as described above.

TNF-a-induced Apoptosis Assay. Cells were plated at 2 X 10%ml in
96-well plates. After 24 h, cells were treated with recombinant human TNF-«
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(PeproTech Inc., Rocky Hill, NJ) in the presence of 30 ng/ml cycloheximide
(Sigma). After 16 h, cell viability was evaluated by the nonradioactive MTS
cell proliferation assay (Promega, Madison, WI).

Focus Formation Assay. Cells were plated at 3 X 10%ml in top plugs
consisting of complete medium and 0.4% SeaPlaque agarose (FMC Bioprod-
ucts, Rockland, ME). Plates were subsequently incubated for 18 days in
humidified incubator at 37°C. Cells were stained with 0.5 ml of 0.0005%
crystal violet, and colonies were counted using a dissecting microscope.

RESULTS

Expression of Protein Kinase-inactive CK 2a or CK 2’ I nhibits
CK2 Activity in NF639 MMTV-Her-2/neu Mammary Tumor
Célls. Using the NF639 cell line, which was established from a
mammary tumor that arose in a MM TV -Her-2/neu transgenic mouse
(30), we demonstrated that Her-2/neu activates classical NF-«xB viaa
noncanonical pathway, i.e., involving calpain- rather than IKK-in-
duced proteasome-mediated degradation of I«B-a (28). Given the
recent evidence implicating phosphorylation by CK2 in degradation
of IkB-a viacalpain (9, 10), we compared expression levels of CK2«a
catalytic subunit in NF639 cells with levels in untransformed
NMuMG mouse mammary epithelial cells (Fig. 1A). As control for
equal loading, samples were similarly analyzed for levels of B-actin
(Fig. 1A). Immunoblot analysis revealed an increase in the level of
CK2a proteinin NF639 cells compared with NMuMG cells. Scanning
of thisand aduplicate blot analysis indicated that NF639 cells display
a 2.8 £ 0.3-fold increase in total level of CK2a compared with
NMuMG cdlls.

To inhibit constitutive CK2 activity in NF639 cells, vectors expressing
kinase-inactive CK2a or CK2«" subunits were used. Stably transfected
pools of NF639 cells expressing HA-tagged HA-CK2a K68M or HA-
CK2a' K69M mutants were selected. As controls, cells were transfected
with the pRc/CMV2 backbone vector, as well as HA-CK2«a WT or
HA-CK2a" WT expression vectors. To examine the kinase activity of
exogenoudy expressed CK 2« and CK2«', ectopic HA-tagged CK2 pro-
teins were immunoprecipitated from WCEs with an HA-specific anti-
body, and CK2 kinase activity assayed as described previoudy (20),
using as substrate either GST-wtlkB-a or GST-3ClIkB-a (with S283A,
T291A, and T299A point mutationsin COOH-terminal residue targets of
CK2 phosphorylation) as anegative control (Fig. 1B). In cells expressing
HA-tagged CK2a WT or CK2a" WT, HA-specific immunoprecipitations
revealed substantial kinase activity. As expected, no kinase activity was
detected with the mutant GST-3Cl kB-« as a substrate, or with immuno-
preci pitates performed with normal mouse 1gG. When kinase assayswere
performed on immunoprecipitates from cells transfected with the pRc/
CMV?2 backbone vector, no detectable kinase activity was observed.
Immunoprecipitates from cells expressng HA-tagged CK2a K68M or
CK2a' K69M displayed less than 5% of the kinase activity seen with
immunopreci pitates from cells expressing WT CK2 proteins. This small
but reproducible kinase activity suggests that the transfected inactive
subunits may form holoenzyme complexes with endogenous WT CK2a-
or CK2«'-active subunits. To examine the effect of the kinase-inactive
variants on total CK2 activity, we performed a kinase assay on WCEs
with the CK2-specific peptide substrate RRREEETEEE (Fig. 1C). We
observed that NF639 cells expressing CK2a K68M or CK2a' K69M
displayed an ~30—-40% drop in total CK2 activity. Therefore, expression
of CK2«a K68M or HA-CK2a' K69M resulted in a partia inhibition of
congtitutive CK2 activity in NF639 cells.

Inhibition of CK2 Reduces Basal NF-«B Binding Activity and
Stabilizes | kB-a Degradation in Her-2/neu-induced NF639 Breast
Cancer Cells. We next measured the effects of CK2 inhibition on the
Her-2/neu-induced NF-«B activity in NF639 cells, which we de-
scribed previously (28). To assess NF-«B binding levels, nuclear
extracts were prepared from NF639 cells expressing HA-CK2«
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Fig. 1. Expression of kinase-inactive CK2a or CK2«' subunit inhibits CK2 activity in
Her-2/neu-induced NF639 breast cancer cells. A, CK2a expression. WCEs were prepared
from two independent cultures of NF639 and NMuMG untransformed mouse breast
epithelia cells at 70% confluence. Samples (80 ng) were subjected to immunoblot
anaysis for CK2a and B-actin levels. B, expression of transfected CK2 constructs in
NF639 cells. Cells were transfected with parental pRc/CMV 2, HA-CK2«a K68M, HA-
CK2a' K69M, HA-CK2a WT, or HA-CK2a' WT plasmid expression vectors. Stably
transfected cells were selected with puromycin. WCEs were prepared, and equal amounts
(300 pg) were immunoprecipitated with either the F7 antibody against HA-tag (HA) or
normal mouse 1gG (lg). Immunoprecipitates were subjected to a CK2 kinase assay in the
presence of [y-*2P|GTP using either GST-wtlkB-a or, as a negative control, GST-
3ClkB-a (3C, with three point mutations at S283A, T291A, and T299A in the COOH-
terminal PEST domain). Proteins were resolved by PAGE-SDS and visualized by auto-
radiography. Positions of molecular weight protein standards of M, 64,900 (64.9) and
52,800 (52.8) and of the GST-wtlkB-a (Wt) and GST-3ClkB-a (3C) proteins are as
indicated. C, total CK2 activity. NF639 cells were transfected with the indicated con-
structs and selected with geneticin. Samples of WCES (2 g) were assayed in duplicate for
CK2 phosphorylation using a specific CK2 substrate peptide. Data are expressed as the
means with background (cpm in the absence of peptide) subtracted.

K68M, HA-CK2a' K69M, or both kinase-inactive variants combined,
and were subjected to EMSA. As probe, an oligonucleotide containing
the NF-«xB element upstream of the c-myc promoter was used and
Octl served as a control for equa loading (Fig. 2A). Two major
NF-«kB complexes were observed with extracts from the NF639 cell
line, which have been identified previously as pS0/RelA and p50
homodimer complexes (28). Expression of kinase-inactive CK2« or
kinase-inactive CK2a' caused a significant reduction in both p50/
RelA and p50/p50 binding levels compared with transfection with the
pRc/CMV2 plasmid. Coexpression of CK2a K68M and CK2a'
K69M mutants did not have an additive effect.

To further study the effect of inhibition of CK2 on cellular local-
ization of NF-«kB subunits, immunoblot analysis was performed for
RelA, p50, and p52 NF-«B subunits in WCEs and nuclear extracts
from CK2a K68M-expressing NF639 cells or pRc/CMV 2-transfected
control cells (Fig. 2B). Results showed that nuclear levels of p50 and
RelA were significantly lower in CK2a K68M-expressing cells com-
pared with the control cells, whereas total levels were increased in the
cells, presumably localized in the cytoplasm. In contrast, no changes

6772



PROTEIN KINASE CK2 PROMOTES NF-«kB ACTIVATION

U
l

C pRe/CMV2 CK20K68M

0 2 4 6 0 2 4 6 CHX(h

__----:—Ixn-a

- e SN e e <« [-aciin

Fig. 2. Expression of kinase-inactive CK2a or CK2a' subunits inhibits constitutive
NF-«B binding activity in NF639 breast cancer cells. Cells were transfected and mixed
populations of stably transfected cells selected with puromycin. A, NF-«kB binding
activity. Nuclear extracts were prepared and samples (5 ng) subjected to EMSA; probes
were oligonucleotides containing either NF-«B- or Oct1-binding elements. The position of
the p50/p50 and p50/Rel A complexes, identified previously (28), are asindicated. Similar
results were observed with two additional independent sets of NF639 cells stably trans-
fected with CK2 mutant constructs (data not shown). B, NF-«B subunits: total and nuclear
levels. WCEs and nuclear extracts were prepared, and samples (50 ng of WCEs and 5 ug
of nuclear extracts) were subjected to SDS-PAGE and immunoblot analysis of p50, RelA,
p52, and B-actin, as loading control. :, positions of nonspecific bands. C, 1«B-a half-life.
Exponentially growing cells were incubated with 50 wg/ml cycloheximide (CHX), and
WCESs were prepared at 0, 2, 4, and 6 h. Samples (50 ng) were subjected to immunoblot
analysis for IkB-«, and B-actin, as loading control. *, the position of a nonspecific band.

could be detected in nuclear p52 levels. Equal loading was confirmed
by an analysis of B-actin levels. Therefore, the inhibition of CK2
results in reduced NF-«B binding caused by decreased nuclear levels
of RelA and p50 proteins.

CK2-mediated phosphorylation of IkB-a in the COOH-terminal
PEST domain has been implicated in the basal and signal-dependent
turnover of free and NF-«B-bound |«B-« (4—8). We next tested the
involvement of CK2-mediated phosphorylation in the rate of |«B-«
turnover in NF639 cells. Exponentialy growing NF639 cells, stably
transfected with HA-CK2a K68M or parental vectors, were treated
with the protein synthesis inhibitor cycloheximide and WCEs pre-
pared at the times indicated and subjected to immunoblotting for

IkB-a expression (Fig. 2C). The stability of IkB-a protein was
substantially increased in NF639 cells upon inhibition of CK2. In two
independent sets of stably transfected NF639 cells, the half-life of
IkB-a decay was between ~2 and 4 h in pRc/CMV 2-transfected
control cells and increased to more than 6 h in cells expressing CK 2«
K68M (Fig. 2C, and data not shown). Overall, these results demon-
strate the ability of protein kinase CK2 to affect NF-kB levels in
Her-2/neu-induced NF639 breast cancer cells via the regulation of
I kB-a phosphorylation and degradation.

Inhibition of Protein Kinase CK 2 Sensitizes Her-2/neu-induced
NF639 Mouse Breast Cancer Cells to Apoptosis and Loss of
Anchorage-independent Growth. Work from many laboratories, in-
cluding our own, have highlighted the importance of constitutive
NF-kB activity in protecting breast cancer cells from apoptosis (24).
We, therefore, assessed the effect of the inhibition of CK2 on TNF-
a-induced cell death. NF639 cells, stably transfected with HA-CK 2«
K68M expression vector, were treated with cycloheximide and stim-
ulated with an increasing dose of TNF-a (25-400 ng/ml). Cell via-
bility was assessed by MTS assay 24 h after stimulation. As acontrol,
NF639 cells, stably expressing the IkB-a 2N3C (S32A, S36A,
S283A, T291A, and T299A) super-repressor mutant, which cannot be
phosphorylated by IKK or CK2 kinases and is, therefore, resistant to
degradation, were similarly assessed. NF639 cells that expressed
IkB-a 2N3C displayed a profound decrease in p50/RelA binding and
NF-kB transcriptional activity, as expected (data not shown). Minimal
cell death was observed in parental pRc/CMV 2-transfected NF639
cells, which is consistent with the elevated NF-«B constitutive levels
observed in this cell line (Ref. 28; Fig. 3A). In contrast, cells express-
ing CK2a K68M or | kB-a 2N3C displayed increased susceptibility to
TNF-a-induced cell death, as judged by MTS assay. Results obtained
with this and a second independent set of stably transfected cells were
quantified. At a concentration of 400 ng/ml TNF-«, the percentage of
viable pRc/CMV2-, CK2a K68M-, or IkB-a 2N3C-expressing
NF639 cells was 85.0 * 5.6%, 525 = 4.9% (P < 0.001), and
58.5 = 12.1% (P < 0.03), respectively. Therefore, the inhibition of
CK?2 activity sensitizes NF639 cells to TNF-a-induced cell death.

We next asked whether the inhibition of CK2 affected the trans-
formed phenotype of NF639 breast cancer cells. Cultures of two
independent sets of NF639 cells stably expressing kinase-inactive
CK2a were assessed for growth in soft agar (Fig. 3B). The numbers
of colonies per high power field with the parental pRc/CMV 2 versus
CK2a K68M vectors were as follows: 124 = 20 and 37 + 18
(P < 0.01, first set of cell populations), and 107 + 13 and 38 + 6
(P < 0.002, second set of cell populations). Thus, the inhibition of
CK2 activity leads to a substantial reduction in the transformed
phenotype of Her2/neu breast cancer cells, as measured by the loss of
anchorage-independent growth of these cells.

Expression of Kinase-inactive CK 2« Inhibits NF-xB Activity in
Hs578T Human Breast Cancer Cells and 293T Human Embry-
onic Kidney Cells. We next asked whether the inhibition of CK2
activity in other cell lines would similarly decrease NF-«B activity.
The Hs578T human breast tumor cell line, which overexpresses CK2
protein and kinase activity (20), was selected for study. HS578T cells
were identified previously to express predominantly activated p50/
RelA and p50/p50 NF-«B complexes (20, 24). For these experiments,
mixed cell populations of Hs578T cells stably expressing HA-tagged
mutant CK2« subunit were obtained by geneticin selection. Nuclear
extracts and WCE were prepared and analyzed for NF-«B binding
levels and expression of HA-tagged CK2, respectively (Fig. 4A).
Results obtained with this and a second set of stably transfected cells
showed an ~50% drop in NF-kB binding in HA-CK2a K68M-
expressing Hs578T cells compared with parental pRc/CMV 2-trans-
fected cells. Expression of CK2a K68M mutant was confirmed by
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Fig. 3. Expression of kinase-inactive CK2a subunit in- 0
creases susceptibility to TNF-a-induced apoptosis and re-
duces anchorage-independent growth of NF639 breast cancer
cells. A, TNF-a-induced cell death. Mixed population of
NF639 cells stably transfected with HA-CK2a K68M, pa-
rental pRC/CMV2, or 1kB-a 2N3C super-repressor plasmid
expression vectors were plated at 2 X 10° in 96-well plates. B
After 24 h, cells were treated with recombinant human
TNF-« in the presence of 30 pg/ml cycloheximide. After
16 h, cell viability was evaluated by the MTS cell prolifer-
ation assay. Results are expressed as percentage of viable
cells (absorbance at 490 nm normalized to absorbance of
cultures treated with cycloheximide aone). B, soft agar as-
say. Cells were plated, in triplicate, a 3 X 10%ml in top
plugs consisting of complete medium and 0.4% agarose.
After 18 days, the numbers of foci were scored and pictures
taken with a Nikon camera (X 1.5). Results were obtained
with two independent sets of transfected cells. Below the
images, values of colony number per high power field.

Exp. 1

Exp. 2 i

immunoblotting for the HA tag. Thus, the inhibition of CK2 similarly
reduces NF-«B binding in Hs578T human breast cancer cells.

To assess whether the regulation of CK2 activity could be extended
to another cell type, 293T human embryonic kidney cells were sim-
ilarly tested. Because transfection of these cells occurs with a high
efficiency, transient transfections were performed with either HA-
CK2a K68M or HA-CK2a' K69M expression vectors or the parental
vector, as control. Cells were harvested 6 days after transfection to
ensure substantial expression of ectopic proteins compared with en-
dogenous proteins. As seen in Fig. 4B, expression of kinase-inactive
CK2a or CK2a’ mutants resulted in significant decreases in NF-«B
binding. An 89% and 76% drop in band 1 and band 2, respectively,
was noted in 293T cells expressing CK2a' K69M compared with
parental cells. In 293T cells, the CK2a" K69M was found to have a
stronger effect than CK2a K68M, consistent with the higher expres-
sion level of transiently expressed CK2«' mutant compared with
CK2a mutant that was routinely seen (Fig. 4B, bottom panel, and data
not shown). These results extend the finding on the ability of kinase-
inactive forms of CK2 to reduce constitutive NF-«B levels to 293T
human embryonic kidney cells.

CK2a Overexpression in NIH 3T3 Cells by Retroviral Gene
Delivery Leads to Increased Nuclear NF-«kB Expression. To de-
termine whether increased CK2 expression is sufficient to induce NF-«B
levels, we next attempted to increase CK2 activity through overexpres-
sion of the CK2« catalytic subunit of CK2. We turned to the NIH 3T3
fibroblast cell line, which has lower levels of endogenous CK2 than the
NF639 or Hs578T cell lines (data not shown). Cells were retroviraly
infected with avector expressing an untagged murine CK 2«, and amixed
population of infected cells as well as single clones were sdected in
puromycin and were screened for total CK2« protein levels. Two stable
CK2a-overexpressing NIH 3T3 clones, designated Clone 4 and Clone 6,

B pRc/CMV2
B CK2aK68M
O IxB-a. 2N3C

pRc/CMV2

(124 £20)

(38+6)

(107 £ 13)

were chosen for this study. To monitor the relative levels of CK2a
expression in the selected cells, immunoblot analysis was performed with
aCK2a« polyclona antibody using samples of WCEs and nuclear protein
extracts (Fig. 5A). Two bands were detected in the WCEs. The top band
corresponded to the full length CK2a (M, ~45,000), and the bottom one
to a protein of M, ~40,000. Immunoblot analysis performed with anti-
bodies specific for either the NH,-termina or COOH-termina part of
CK2« indicated that the M, ~40,000 protein likely resulted from COOH-
termind clipping of CK2« (data not shown), as described previousy
during the in vitro purification of human recombinant CK2« (12). The
WCEs of the Babe-CK2a mixed population, Clone 4, and Clone 6
demonstrated elevated levels of CK2a protein compared with the paren-
tal vector control (Babe)-infected NIH 3T3 cells, which showed only low
basa expression. When the blots were scanned and normalized to B-actin
levels, a 2.6-, 15.1-, and 9.5-fold increase in CK2« expression was
observed in NIH 3T3 Babe-CK2a mixed-population cells, Clone 4, and
Clone 6, respectively, compared with the parental Babe cells. No signif-
icant increase in CK2a' was observed in Babe-CK2a« cells (data not
shown). Higher levels of CK2« expression were adso detected in the
nuclel of Babe-CK2«a cdls (Fig. 5A). These results were confirmed by
immunofluorescent staining of CK2«, which showed a strong accumu-
lation of CK 2« in both the cytoplasm and the nuclei of Clone 4 and Clone
6 compared with parental NIH 3T3 Babe cells (data not shown). To
confirm that increased CK2a expression led to increased CK2 enzymatic
activity, a CK2 kinase assay was performed with GST-wtlkB-a or
GST-3ClkB-a as substrates. WCES, prepared from NIH 3T3 Babe-
CK2a mixed population and clones, were used directly in in vitro CK2
phosphorylation assays (Fig. 5B). Kinase assays demonstrated strong
preferential phosphorylation of GST-wtlkB-a compared with GST-
3ClkB-a, consistent with the assay measuring CK2 activity. The mixed
population, Clone 4, and Clone 6 displayed an increase in CK2 kinase
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Fig. 4. Expression of kinase-inactive CK2« or CK2a' subunit inhibits NF-«B binding
activity in Hs578T human breast cancer cells and 293T human embryonic kidney cells. A,
Hs578T cells. Mixed population of cells, stably transfected with pRc/CMV 2 or HA-CK 2«
K68M plasmid vectors, were selected in geneticin, and nuclear extracts and WCEs were
prepared. Top panel, samples of nuclear extracts (5 wg) were subjected to EMSA for
NF-«B or Octl. The position of the p50/p50 and pS0/RelA complexes identified previ-
ously (20) are as indicated. Bottom panel, samples of WCE (80 ng) were subjected to
immunoblot analysis of exogenous CK2«, using an HA tag-specific antibody. *, the
position of a nonspecific band. The position of molecular weight protein standards of M,
61,000 (61) and M, 49,000 (49) are as indicated. B, 293T cells. Cells were transiently
transfected with parental pRc/CMV2, HA-CK2a K68M, or HA-CK2a' K69M plasmid
vectors. Cells were harvested after 6 days and analyzed as described in A. Band 1 and
band 2, the two major NF-xB complexes.

activity of 1.2-, 2.3-, and 1.6-fold, respectively, compared with the
parental NIH 3T3 Babe cells. Although the magnitude of increase in
activity is less than the increase in protein, these results confirm that the
two clones and the mixed population of cells display elevated CK2
activity.

We next assessed NF-«B binding levelsby EMSA (Fig. 6). Nuclear
extracts from the parental NIH 3T3 Babe cells displayed low levels of
two NF-«B binding complexes, as observed previously (37). NIH 3T3
BabeCK 2a mixed population of cells displayed increased levels of the
two NF-«B complexes (Fig. 6A). Higher levels of these complexes
were detected in both the Clone 4 and Clone 6 cells. When these
results were scanned, a 1.5- and 2.5-fold increase in band 1 and band
2, respectively was noted in Clone 4 cells, and a 1.7- and 2.9-fold
increase in band 1 and band 2, respectively, was noted in Clone 6
cells, compared with parental Babe cells. To determine the composi-
tion of NF-«B complexes, antibody supershift analysis was performed
using extracts from Clone 4 cells (Fig. 6B). The major NF-kB com-
plexes appeared to consist of p5S0/RelA heterodimers (Fig. 6B, band 2)

and homodimers of p50 (Fig. 6B, band 1). No binding of other NF-«B
subunits such as p52 or c-Rel was seen. Similar results were obtained
with the parental Babe cells (data not shown). Successful competition
with WT but not mutant oligonucleotide and inhibition upon addition
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Fig. 5. Overexpression of the CK2« subunit in NIH 3T3 cells. NIH 3T3 cells were
infected with recombinant retrovirus for pBabe (Babe) or pBabe-CK 2« vectors. A mixed
population of Babe-CK2a (MP) cells and two clones (Clone 4 and Clone 6) were selected
in puromycin. A, CK2a expression. Samples of WCESs (80 ng) or nuclear extracts (15 ug)
from the indicated cells were separated by SDS-PAGE and subjected to immunoblot
anaysis for CK2a and B-actin levels. Two bands are seen in the WCEs with the CK2a
antibody. Top band, the full-length CK2a protein; bottom band, (likely) a COOH-terminal
clipped form of CK2a. B, CK2 activity. WCEs were prepared from the indicated cell
populations, and samples (10 p.g) were subjected to a CK2 kinase assay using as substrate
either GST-wtlkB-a (wt) or GST-3Cl«B-« (3C), as a negative control.
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Fig. 6. Overexpression of CK2a subunit results in increased NF-«B binding in NIH
3T3 cells. A, NF-«B binding activity. Nuclear extracts were prepared from the indicated
cells, and samples (5 pg) were subjected to EMSA with oligonucleotides specific for
NF-«xB and Spl. Band 1 and band 2, the positions of the two major NF-«xB complexes.
B, supershift analysis. Nuclear extracts from NIH 3T3 Babe-CK2a Clone 4 cells were
incubated in the absence (none), or presence of antibody («) against p50, p52, RelA, or
c-Rel NF-«B subunits, or 1 ug GST-wtlkB-a or GST protein, and were subjected to
EMSA with aNF-«B oligonuclectide. To test for binding specificity, the binding reaction
was performed in the presence of 20X excess unlabelled WT (20X NF-«B) or mutant (20X
mNF-kB) NF-«B oligonucleotide.

6775



PROTEIN KINASE CK2 PROMOTES NF-«kB ACTIVATION

of GST-wtlkB-a confirmed the specificity of the NF-«B binding
(Fig. 6B). Thus, overexpression of CK2« in NIH 3T3 cells leads to
up-regulation of classical NF-«B binding.

CK2a Overexpression in NIH 3T3 Cells Leads to Increased
Turnover of |kB-a and NF-kB Transcriptional Activity. To de-
termine whether the increase in NF-«B binding upon overexpression
of CK2« is caused by increased |kB-a degradation, exponentialy
growing NIH 3T3 Babe-CK2a Clone 4, Clone 6 and parental Babe
cell lineswereincubated in the presence of cycloheximide for aperiod
of 0, 4, 8, or 12 h. WCESs were isolated and subjected to immuno-
blotting for 1kB-« expression (Fig. 7A, left panel). The results were
scanned, and the half-life of decay of 1kB-« protein was >12 h in
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Fig. 7. Overexpression of CK2a subunit results in a higher rate of |kB-a degradation
and NF-«B transcriptional activity in NIH 3T3 cells. A, 1kB-« haf-life. Left panel, the
indicated cells, in exponential growth, were treated with 50 pg/ml cycloheximide (CHX),
and WCEs were prepared at O, 4, 8, or 12 h. Samples (50 ug) were subjected to
immunoblot analysis for IkB-a. Right panel, the immunoblots in the left panel were
subjected to densitometry, and the results were presented as the percentage relative to the
control. B, NF-«B transcriptional activity. Lower panel, cultures of parental Babe or Clone
4 cells were transiently transfected, in triplicate, with 1 ng of NF-«xB element-driven
luciferase reporter construct and 0.5 pg of pSV40-B-gal in the presence of 0.5 or 1 ug of
pSV/Neo empty parental vector or of the human |kB-a construct vectors: WT (WT), 2N
mutant (S32A, S36A), or 3C mutant (S283A, T291A, and T299A in the COOH-terminal
PEST domain). After 48 h, cultures were harvested, normalized for B-gal activity, and
assayed for luciferase activity. Values in the bar graph, luciferase normalized for B-gal
activity. Top panel, Babe-CK2a Clone 4 cells were transfected with equal amounts of
pSV/Neo empty parental vector or human | kB-a construct vectors: WT, 2N mutant, or 3C
mutant. After 18 h, WCEs were prepared, and samples (50 ng) were subjected to
immunoblot analysis for human IkB-a (hlkB-a) using a human-specific antibody. *, the
position of a nonspecific band. (All lanes are from the same gel.)

parental Babe cells, whereasit was 8.1 and 5.9 h in Babe-CK 2« Clone
4 and Clone 6 cells, respectively (Fig. 7A, right panel). In thisand two
duplicate experiments, IkB-a protein decayed with a t,, of
102 = 0.3 h,54 = 1.4 h (P < 0.01), and 6.0 = 0.3 h (P < 0.001)
in parental Babe, Clone 4, and Clone 6 cells, respectively. Thus,
IkB-« is more rapidly degraded in the CK2-overexpressing cells. To
confirm the involvement of CK2 in enhanced I1kB-a degradation,
Babe-CK2a clones were transfected with human 1kB-a WT, 2N
(S32A, S36A) mutant or 3C (S283A, T291A, and T299A) mutant in
plasmid vectors. The half-lives of |kB-a WT and 2N proteins were
found to be quite similar, and much shorter than that of 1kB-«a 3C
mutant, which cannot be phosphorylated by CK2 (data not shown),
consistent with the rate of decay of IkB-«a protein dependent on
CK2-phosphorylation.

We next assessed the effect of overexpression of CK2a on NF-«B
transcriptional activity, comparing parental Babe and Babe-CK2«
Clone 4 cells. The cells were transfected with vectors expressing a
NF-kB element luciferase reporter plus pSV40-B-gal, for normaliza-
tion (Fig. 7B). Clone 4 cells displayed an ~5.5-fold increase in NF-«xB
transcriptional activity compared with parental cells. To confirm that
CK2-mediated activation of NF-«B transcriptional activity is depend-
ent on COOH-terminal PEST phosphorylation and degradation of
| kB-a, cellswere transfected with 0.5 or 1 g of the | kB-a 3C mutant
(S283A, T291A, and T299A), the I kB-a WT, or the [ kB-a 2N mutant
(S32A, S36A). The IkB-«a 3C was much more effective at inhibiting
NF-«B transcription in Clone 4 cells than were the WT |«B-« or the
IkB-a 2N mutant, which cannot be phosphorylated by the IKKs. At
the higher dose of plasmid transfection, expression of the |kB-a 3C
mutant resulted in a 95% decline in NF-«B activity, whereas expres-
sion of 1kB-a WT or |kB-a 2N mutant caused a drop of 46 and 62%,
respectively, in NF-«B transcriptional activity. Western blot analysis
indicated that levels of 1kB-a 3C were lower or comparable with
those of IkB-a WT or 1kB-« 2N after transient transfection in Clone
4 cells (Fig. 7B). Thus, these results confirm that phosphorylation of
|kB-a in the COOH-terminal PEST domain is physiologically rele-
vant in regulating NF-«B activity in these cells.

DISCUSSION

Here we show that the inhibition of elevated CK2 activity in cancer
cells reduces congtitutive NF-«B activity, whereas ectopic expression of
CK2 issufficient to induce NF-kB activity in NIH 3T3 fibroblasts. Thus,
CK2 plays apivotal rolein the regulation of congtitutive NF-xB activity.
Importantly, we show for the first time that the inhibition of CK2 activity
decreases Her-2/neu-induced NF-«B activity. Thus, kinase-inactive
CK2a subunit decreased nuclear NF-«B and transformed phenotype,
whereas it increased sensitivity to TNF-« induced death in MMTV-
Her-2/neu-derived NF639 mouse mammary carcinoma cells. Similarly,
the inhibition of CK2 in HS578T cells, which adso display elevated basal
CK2 activity (20), decreased NF-«B binding. Conversely, CK2« over-
expression in NIH 3T3 cells was sufficient to increase |kB-a turnover
and basad NF-«B activity. Previoudy, we and others demonstrated that
primary breast cancer samples from patients or from a carcinogen-
induced rodent model aswell as breast cancer cell lines display increased
CK2 activity (18—21) and aberrant activation of NF-«xB (23, 24, 26, 27),
whereas only low levels of CK2 and NF-«B activation were detected in
normal breast epithelia cells. Our findings here demonstrate adirect link
between overexpression of CK2 and NF-«B in these cancers. Further-
more, they suggest that CK2 kinase is a downstream mediator of Her-2/
neu signaling and, thus, represents a potential new therapeutic target for
the treatment of these malignancies.

In our studies, we made use of CK2a K68M or CK2a' K69M
mutants, which display a single point mutation in the kinase domain
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of these catalytic subunits and which are devoid of kinase activity
(34). Inthe breast cancer cells, these inactive subunits were capabl e of
reducing CK2 activity, i.e., acting as dominant negatives, although
they do not act this way in al cells (Ref. 16; as discussed below). In
particular, we observed a 30—40% inhibition of total CK2 activity in
NF639 cells expressing CK2a K68M or CK2a' K69M as compared
with parental cells. Theinhibition of CK2 resulted in adrop in NF-«B
binding in both NF639 and Hs578T breast tumor cells as well asin
293T human embryonic kidney cells. Thus, CK2 inhibition had a
direct affect on NF-kB activity in various cell types. Consistent with
these observations, we observed previoudly that treatment with the
selective pharmacological inhibitors of CK2, apigenin or emodin,
inhibited NF-«B activity in human breast cancer cell lines (20), and in
mouse B-cell lymphomas (10). Interestingly, whereas ectopic expres-
sion of WT mouse CK 2« catalytic subunit in NIH 3T3 fibroblast cells,
which display low basal CK2 activity, led to a substantial increase in
CK2 activity and NF-«B binding and activity, we were unable to
similarly increase levels of CK2 protein or activity in NF639 cells
(data not shown). Interestingly, the NF-«B activity in CK2a-overex-
pressing NIH 3T3 cells consisted predominantly of classical p50 and
Rel A-containing complexes, similar to breast tumor tissue from trans-
genic mice overexpressing CK2« in the mammary gland (19).

We observed previously that Her-2/neu activates NF-«xB via a
PI3-K-to-Akt-kinase signaling pathway that can be inhibited via an-
tibody against the receptor or by the tumor suppressor PTEN in
NF639 breast cancer cells (Ref. 28; see Fig. 8). Different mechanisms
may be involved in the regulation of NF-«B activity by CK2. Previous
work has indicated that basal and signal-dependent turnover of free
and NF-kB-bound 1kB-« is controlled by phosphorylation of residues
in the COOH-terminal PEST domain by CK2, and, thus, mutation of
these sites results in longer half-life of the IkB protein (5, 7, 8). Our
evidence indicates that the level of CK2 activity affects | kB-a stabil-
ity in NF639 cells (Fig. 8). Previously, we demonstrated that the
dominant proteolytic pathway for | kB-a degradation in NF639 cellsis
mediated via calpain (28); and, because in B cells, we observed that
CK?2 phosphorylation accelerates degradation of 1B by calpain (10),
it is possible that a similar mechanism occurs in breast cancer cells.
The mechanisms leading to enhanced CK2 activity and the potential
role of any additional kinases in the signaling pathway remain to be
determined (Fig. 8). In addition, CK2 has been proposed to control
NF-«kB transcriptional activity by direct phosphorylation of the RelA
subunit in response to TNF-« stimulation (38, 39). Here, we observed
that NF-kB in CK2a-overexpressing NIH 3T3 cellsis clearly nuclear
and transcriptionally active in areporter assay; however, it remains to
be determined whether CK2 has a similar affect on basal activity of
RelA in breast cancer cells. In addition, CK2 phosphorylates PTEN
directly (40—42). Phospho-PTEN has increased stability but reduced
lipid phosphatase activity (40), thereby promoting Akt phosphoryla-
tion and activation (42). However, no significant change in the activ-
ity of Her-2/neu receptor or in the levels of phosphorylated Akt was
evident in NF639 breast cancer cells transduced with the kinase-
inactive CK2 subunits (data not shown), which suggests that either
PTEN expression itself is down-regulated or PTEN phosphorylation
cannot be reduced by the kinase-inactive CK2 constructs.

CK2 has been reported to affect cell growth and transformation.
Dysregulated expression of both CK2« and CK2«" affect cell prolifera
tion, transformation, and survival; athough, the effects of ectopic CK2
subunit expression appear to depend on the type of cells used. For
instance, inducible transient expression of kinase-inactive CK2a' K69M
in the presence of ectopic CK2 led to a strong attenuation of prolifer-
ation in the human osteosarcoma U2-OS cdll line, athough it did not
inhibit total CK2 activity (16). Li et al. (15) reported that expression of
ectopic Myc-tagged CK 2« increased total CK2 activity and moderately
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Fig. 8. Scheme of CK2 involvement in Her-2/neu-mediated NF-«B activation in breast
cancer cells. Overexpression of Her-2/neu and heterodimerization with other EGF recep-
tor family members (EGFR, c-erbB-3, c-erbB-4) activate NF-«B via a PI3-K-to-Akt-
kinase signaling pathway that can be inhibited via treatment with an anti-Her-2/neu
antibody or the tumor suppressor PTEN (28). Increased cytoplasmic and nuclear CK2
expression and activity have been observed in NF639 cells and many human breast
cancers, although the mechanisms controlling this increase remain to be elucidated.
Overexpression of CK2 leads to increased | kB-a phosphorylation and rate of degradation,
which we have shown to be mediated via a capain proteolytic pathway (28). The
possibility that elevated levels of CK2 promotes NF-«B transcriptional activity by direct
phosphorylation of its RelA subunit, as seen previously on TNF-« treatment (38, 39), is

under investigation in breast cancer cells.

enhanced the growth of Chinese hamster ovary cells, whereas there was
only alow level of expression of the ectopic protein, and no change in
growth was seen in 3T3 L1 cells. Expression of kinase-inactive CK 2«
KB68A was also reported to impair cell proliferation in both NIH 3T3 and
CCL39 fibroblastic cells, and was linked to a defect in G;-S phase
progression (17). Theinhibition of CK2« by antisense oligodeoxynucleo-
tides induced apoptosis in human sguamous cell carcinoma of the head
and the neck (43). In contrast, overexpression of active forms of CK2a or
CK2a' had little or no detectable effect on the proliferation of these cdlls
(16, 17); athough, they did cooperate with Ha-ras in the transformation
of rat embryo fibroblasts or BALB/c 3T3 fibroblasts (14). We observed
that stable transfection of NF639 breast cancer cells with CK2« K68M
only marginally affected cell proliferation, similar to the effect of stable
expression of |kB-a super-repressor mutant (data not shown). Of note,
expression of CK2a K68M significantly inhibited colony formation in
soft agar. Furthermore, CK2a K68M-expressing cells displayed in-
creased susceptibility to TNF-a-mediated cell death, which is tightly
controlled by NF-«B. Together, these results suggest a key role of CK2
in the control of transformed phenotype and cell survival.

Aberrant nuclear NF-«B activity has been reported in many cancers
(44). Products of several oncogenes such as Her-2/neu (28, 45), the
EGF receptor signaling pathway (27, 46), and the oncogenic Raf and
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Ras proteins (47, 48) induce NF-«B activity in various cell types. CK2
is markedly elevated in a number of hematopoietic and solid tumors
(49) and, given our findings that demonstrate the ability of CK2 to
directly affect NF-«B activation, it would be interesting to determine
whether NF-«B and CK2 can cooperate to induce transformation.
Experiments are in progress with bitransgenic mice that overexpress
the c-Rel NF-kB family member and CK2a subunit in mammary
epithelial cells. Lastly, our findings suggest that combinations of
proteasome and calpain inhibitors or IKK and CK2 kinase inhibitors
could be more effective than the use of single inhibitors in blocking
IkB degradation and NF-«xB activation, in promoting tumor cell
apoptosis, and in sensitizing cancer cells to the proapoptotic effects of
radiation or chemotherapy.
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Amplification, overexpression, or rearrangement of the c-rel gene, encoding the c-Rel NF-kB subunit, has
been reported in solid and hematopoietic malignancies. For example, many primary human breast cancer
tissue samples express high levels of nuclear c-Rel. While the Rev-T oncogene v-rel causes tumors in birds, the
ability of c-Rel to transform in vivo has not been demonstrated. To directly test the role of c-Rel in breast
tumorigenesis, mice were generated in which overexpression of mouse c-rel cDNA was driven by the hormone-
responsive mouse mammary tumor virus long terminal repeat (MMTV-LTR) promoter, and four founder lines
identified. In the first cycle of pregnancy, the expression of transgenic c-re/l mRNA was observed, and levels of
c-Rel protein were increased in the mammary gland. Importantly, 31.6% of mice developed one or more
mammary tumors at an average age of 19.9 months. Mammary tumors were of diverse histology and expressed
increased levels of nuclear NF-kB. Analysis of the composition of NF-kB complexes in the tumors revealed
aberrant nuclear expression of multiple subunits, including c-Rel, p50, p52, RelA, RelB, and the Bcl-3 protein,
as observed previously in human primary breast cancers. Expression of the cancer-related NF-kB target genes
cyclin D1, c-myc, and bcl-xI was significantly increased in grossly normal transgenic mammary glands starting
the first cycle of pregnancy and increased further in mammary carcinomas compared to mammary glands from
wild-type mice or virgin transgenic mice. In transient transfection analysis in untransformed breast epithelial
cells, c-Rel-p52 or -p50 heterodimers either potently or modestly induced cyclin D1 promoter activity, respec-
tively. Lastly, stable overexpression of c-Rel resulted in increased cyclin D1 and NF-«B p52 and p50 subunit
protein levels. These results indicate for the first time that dysregulated expression of c-Rel, as observed in

breast cancers, is capable of contributing to mammary tumorigenesis.

Nuclear factor (NF)-kB/Rel is a structurally and evolution-
ary conserved family of transcription factors distinguished by
the presence of a 300 amino acid region, termed the Rel
homology domain (RHD), based on its homology with v-Rel,
the transforming protein encoded by the RevT avian retrovi-
rus. The RHD is responsible for DNA-binding, dimerization,
nuclear translocation, and binding of Rel factors to the IkB
inhibitory proteins (reviewed in reference 21). Mammals ex-
press five NF-kB members that belong to two classes. The first
class includes c-Rel, RelB, and RelA (p65), which are synthe-
sized as mature products and contain a C-terminal transacti-
vation domain. The second class consists of NF-kB1 and NF-
kB2, which are synthesized as longer precursors, p105 and
p100. Those proteins require C-terminal proteolytic processing
to produce the mature p50 and p52 subunits, respectively,
which contain the RHD but lack a transactivation domain.
Although, both p50 and p52 have been found to transactivate
when in association with Bcl-3 protein (7, 20). In most untrans-
formed cells, other than B lymphocytes, NF-kB complexes are
sequestered in the cytoplasm bound to specific inhibitory pro-
teins, of which IkB-a is the paradigm. Activation of NF-«B
involves phosphorylation and rapid degradation of kB, allow-

* Corresponding author. Mailing address: Department of Biochem-
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ing for translocation of free NF-«kB to the nucleus, where it
controls genes involved in cell growth and survival, adhesion,
and immune and inflammatory responses, including cyclin D1,
c-myc, and bcl-xl (reviewed in references 47 and 56).
Evidence from several laboratories has suggested NF-«B is
critically involved in regulation of tumorigenesis. We and oth-
ers demonstrated aberrant constitutive activation of NF-«B
factors in breast cancer (43, 59). High levels of nuclear NF-«xB
were found in human breast tumor cell lines, carcinogen-trans-
formed mammary epithelial cells, and the majority of primary
human and rodent breast tumor tissue samples. Accelerated
degradation of the IkB-a inhibitory protein was observed (34),
suggesting aberrant regulation of nuclear translocation in
breast cancer cells. Inhibition of the constitutive NF-kB activ-
ity in human breast cancer cell lines induced apoptosis (59) or
led to reduced tumorigenicity (50). Conversely, ectopic expres-
sion of c-Rel resulted in resistance to TGF-B-mediated inhibi-
tion of proliferation (58). Interestingly, we observed that 21
out of 25 primary human breast cancer tissues examined ex-
pressed high levels of nuclear c-Rel (59); similar observations
were made by Cogswell and coworkers (15). The overexpres-
sion of c-Rel has been implicated in other hematopoietic and
solid malignancies as well. For example, c-rel gene amplifica-
tion was seen in ~20% of non-Hodgkin’s B-cell lymphomas,
including diffuse large-B-cell lymphomas (DBCL) (reviewed in
reference 47). In addition, the c-rel/ gene was also found rear-
ranged or overexpressed in some follicular lymphomas and
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DBCL. The higher level of expression of c-Rel, plus RelA, in
the activated B-cell (ABC) form of DBCL, was found associ-
ated with poorer prognosis (2). Furthermore, inhibition of
c-Rel induced apoptosis in immature B-cell lymphomas (66).

The c-rel gene encodes a 68-kDa protein which is active
mostly in lymphocytes and monocytic, granulocytic, and ery-
throid cells. Mice lacking c-rel are viable but show severely
impaired lymphocyte proliferation and immune function, with
impaired interleukin-2 expression (36). The X-ray crystal struc-
ture of the c-Rel homodimer bound to a DNA target site was
resolved recently (28). It confirmed that c-Rel homodimers
recognize a different set of kB element DNA sequences com-
pared to c-Rel heterodimers or p50-containing dimers, sug-
gesting that those complexes may have a different range of
target genes. The v-rel gene, carried by the highly oncogenic
avian reticuloendotheliosis virus strain T (Rev-T), is able to
cause tumors in birds and transgenic animal models. The v-Rel
oncogenic protein differs from its avian progenitor c-Rel by the
presence of multiple mutations that increases its expression,
nuclear localization, DNA binding, transactivation capability
and neoplastic transformation potential (reviewed in reference
22). The direct role of c-Rel in tumorigenesis is still a matter of
debate. Overexpression of either avian or human c-Rel was
shown to transform primary chicken lymphoid cells (1, 23),
although with lower efficiency than v-Rel. Retroviral delivery
of avian c-rel in young chickens gave rise to lymphoid tumors,
and cell transformation involved selection of a C-terminal de-
leted c-Rel protein with increased oncogenic activity (27). All
these observations led us to test the oncogenic properties of
c-Rel in vivo, in the mammary gland. Here, we have con-
structed a mouse model in which the mouse c-rel cDNA was
driven by the hormone-dependent mouse mammary tumor
virus (MMTV) promoter. MMTV—c-rel female mice developed
late-onset mammary tumors, which were related to increased
levels of expression of the NF-kB growth and survival target
genes cyclin D1, c-myc, and bcl-xl. These results provide the
first in vivo evidence for a causal role of c-Rel activation in the
pathogenesis of breast cancer.

MATERIALS AND METHODS

Isolation of founder MMTV—c-rel transgenic mice. The 2.5-kb EcoRI/HindIIl
fragment from the pSVSport-c-Rel vector, containing the full-length murine c-rel
c¢DNA (kindly provided by T. Gilmore, Boston University, Boston, Mass.), was
blunt end ligated into the MMTV-LTR plasmid, containing the MMTV long
terminal repeat (MMTV-LTR), which directs expression chiefly to the mammary
epithelium, with ras 5" untranslated sequences provided upstream of the cDNA
and a simian virus 40 (SV40) intron and polyadenylation signal downstream (38,
55), yielding the pMMTV—c-rel plasmid. The direction of the insert was con-
firmed by restriction mapping and DNA sequencing at the Molecular Biology
Core at Boston University Medical School. Plasmid sequences were removed by
restriction digestion at the Sal/l and Spel sites, leaving the MMTV-LTR se-
quence, ras 5’ untranslated sequences, c-rel cDNA, and the SV40 intron and
poly(A) addition signal sequence. The excised transgene construct was gel pu-
rified and microinjected into pronuclei of fertilized one-cell zygotes from FVB/N
mice. These zygotes were reimplanted into pseudopregnant foster mothers, and
the offspring were screened for presence of the transgene by Southern blotting
(see below). Carriers were bred to establish four independent transgenic lines.
Female transgenic mice were continuously bred to induce transgene expression
though activation of the hormone-dependent MMTV-LTR promoter. Mice were
monitored biweekly for the appearance of tumors. Mice were housed in a
two-way barrier at the Boston University School of Medicine Transgenic mouse
facility in accordance with the regulations of the American Association for the
Accreditation of Laboratory Animal Care.
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DNA analysis. Genomic tail DNA was isolated as described previously (46),
samples (10 pg) were digested with PstI, and the resulting fragments were
separated on a 0.8% agarose gel and transferred to GeneScreenPlus (DuPont
NEN) nylon membranes. DNA was cross-linked to the membrane by UV irra-
diation (Stratalinker; Stratagene, La Jolla, Calif.) at 0.12 J/cm? for 30 s. Hybrid-
ization was performed using the 2.2-kb DNA fragment, encompassing the
MMTV-LTR promoter and an ~1-kb fragment of the mouse c-re/l cDNA, re-
leased from the pMMTV—c-rel plasmid by digestion with PstI as a probe. The
DNA was radiolabeled by random priming and used as described previously (35),
except that 2.0 X 10° cpm/ml 3*P-labeled DNA was employed.

RNA analyses. Frozen breast tissue was pulverized in liquid nitrogen with a
mortar and pestle, and total RNA extracted with the Ultraspec-1I RNA Isolation
System (Biotecx Laboratories Inc., Houston, Tex.). To remove contaminating
DNA, RNA samples were digested for 30 min at 37°C with RQ1 RNase free
DNase (Promega Corporation, Madison, Wis.), according to the manufacturer’s
directions. RNA was reextracted and ethanol precipitated. For reverse transcrip-
tase PCR (RT-PCR), 5 ng RNA samples were reverse transcribed with SUPER-
SCRIPT RNase H-RT in the presence of 200 ng of random primers (all reagents
from Invitrogen Life Technologies, Carlsbad, Calif.). For PCR, a 236-bp frag-
ment of the transgene was amplified with a sense oligonucleotide primer from
the mouse c-rel cDNA coding sequence (5'-GTGACCCCTAAGGGTTTTCTG-
3’) and an antisense oligonucleotide from the SV40 poly(A) tail of the vector
construct (5'-CCCATTCATAAGTTCCATAG-3"). PCR were performed in a
thermal cycler (MJ Research, Watertown, Mass.) by denaturing at 95°C for 45 s,
annealing at 46°C for 90 s, and extending at 72°C for 90 s for 35 cycles. Primer
pairs specific for the mouse cyclin DI gene were 5'-CACAACGCACTTTCTTT
CCA-3" and 5'-GACCAGCCTCTTCCTCCAC-3', and amplified a 164-bp frag-
ment with an annealing temperature of 55°C. The primer pairs specific for mouse
bcl-xl were as described previously (52). As a control for RNA quality, a 750-bp
fragment of B-actin mRNA was amplified by 25 or 30 PCR cycles with the
following primers: 5'-ACCAGTTCGCCATGGATGACGATA-3" and 5'-AGC
TCATAGCTCTTCTCCAGGGAG-3', which were used with an annealing tem-
perature of 55°C. For radiolabeled PCR, 0.85 nCi of [a-*?P]dCTP and
[«->?P]dGTP were added in the PCR. For RNase protection assays (RPAs),
multiprobe RPA kits (Pharmingen, San Diego, Calif.) were used according to the
manufacturer’s directions. The identity of the RNase protected bands in the gel
were established using the undigested probes as markers and a control RNA for
mouse cyclin or apoptosis gene mRNA expression (Pharmingen). For Northern
blot analysis, RNA samples (5 to 15 pg) were denatured and separated by
electrophoresis in 1.0% formaldehyde agarose gels (16). Probes included a 2.4-kb
pM-c-myc54 mouse c-myc cDNA (60), the full-length human cyclin D1 cDNA
subcloned into the pBPST-R1 vector, kindly provided by R. G. Pestell (Albert
Einstein College of Medicine, New York, N.Y.), and a 750-bp fragment of the
mouse bcl-x cDNA amplified by PCR using the previously described primers
(52). Quantitation by scanning densitometry was performed with a KDS1D
device (version 2.0; Kodak, New Haven, Conn.).

EMSA. Frozen tissue powders were resuspended in homogenization buffer (1
g/ml) in 10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA,
50 mM sucrose, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl flu-
oride (PMSF), leupeptin (5 pg/ml), and aprotinin (5 pg/ml) (Sigma Chemical
Co., St. Louis, Mo.). Samples were Dounce homogenized for 20 strokes with a
loose pestle and then 20 strokes with a tight pestle. The KCI concentration was
then adjusted to 100 mM and the nuclei were washed twice with the homogeni-
zation buffer with 100 mM KCI. Nuclear proteins were extracted on ice for 30
min in 2 packed nuclear volumes containing 10 mM HEPES (pH 7.9), 400 mM
NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 20% glycerol, 1 mM DTT, 0.5 mM PMSF,
leupeptin (0.5 pg/ml), and aprotinin (5 wg/ml). Protein concentration was de-
termined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
Calif.). The sequence of the URE NF-«kB-containing oligonucleotide from the
c-myc gene is as follows: 5'-GATCCAAGTCCGGGTTTTCCCCAACC-3' (17).
The core element is underlined. The Octomer-1 (Oct-1) oligonucleotide has the
following sequence: 5'-TGTCGAATGCAAATCACTAGAA-3'. Nuclear ex-
tracts samples (5 pg) were subjected to electrophoretic mobility shift analysis
(EMSA) as described previously (59). For antibody supershift analysis, the bind-
ing reaction was performed in the absence of the probe, the appropriate antibody
was added and the mixture incubated for 16 h at 4°C. The probe was then added
and the reaction incubated an additional 30 min at 25°C and the complexes
resolved by gel electrophoresis, as above. Antibodies used included anti-RelA
(C-20), sc-372; anti-c-Rel (N), sc-70; and anti-p50 (NLS), sc-114 (all from Santa
Cruz Biotechnology, Santa Cruz, Calif.). In addition, rabbit polysera 1266, 1050,
and 1051 specific for c-Rel were kindly provided by N. Rice and M. Ernst
(National Cancer Institute, Frederick Md.). Data were quantified by densitom-
etry using a Molecular Dynamics densitometer.
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Cell lines and transfection conditions. NMuMG, which is an untransformed,
immortalized mouse mammary epithelial cell line, was cultured as described
previously (57). MCF-10F is a human mammary epithelial cell line established
from a patient with fibrocystic disease, which does not display malignant char-
acteristics (9). The RelA and p50 expression vectors have been described else-
where (39). The p52 and Bcl-3 expression vectors were kindly provided by U.
Siebenlist (National Institutes of Health, Bethesda, Md.). The cyclin D1 pro-
moter constructs CD1 —66 WT-Luc and CD1 —66 Mut-Luc, with wild-type
(WT) and mutant NF-«B elements, respectively, were a kind gift of R. G. Pestell
(25). For luciferase assays, NMuMG cells were transfected in six-well plates
using the Fugene reagent (Roche Diagnostics Corporation, Indianapolis, Ind.),
and the SV40 promoter—B-galactosidase (pSV40-f-gal) reporter vector was used
to normalize transfection efficiency, as previously described (3). For stable trans-
fectants, MCF-10F cells were transfected in P100 dishes with 10 pg of pBlue-
script or pSVSport-c-Rel vector along with 1 g of pGKpuro selection plasmid,
selected with puromycin (4 wg/ml; Sigma) for 4 days, and then grown in the
presence of puromycin (1 pg/ml).

Immunoblot analysis. Whole-cell extracts (WCEs) were prepared in RIPA
buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 10 mM EDTA, 1% NP-40, 0.1%
SDS, 1% sodium sarcosyl, 0.2 mM PMSF, leupeptin [10 pg/ml], 1 mM DTT).
Nuclear extracts were prepared as described above. Samples (40 pg) were sep-
arated by electrophoresis in 8% polyacrylamide-SDS gels, transferred to a 0.45-
pm-pore-size polyvinylidene difluoride membrane (Millipore, Bedford, Mass.)
and subjected to immunoblotting, as described (59). Antibodies included anti-
RelB (C-19) sc-226, anti-p52 (K-27) sc-298; Bcl-3 (C-14) sc-185, and Sp1 (PEP 2)
sc-59 (all from Santa Cruz Biotechnology) and anti-cyclin D1 monoclonal Ab-3
(Oncogene, Boston, Mass.). Antibodies specific for other NF-kB subunits were
as described above.

Histology. Upon necropsy, tumors and other mammary glands, heart, lung,
liver, kidney, spleen, and the adrenal gland were removed and immediately fixed
in Optimal Fix (American Histology Reagent Co., Lodi, Calif.) and shipped in
alcohol. The tissues were processed, embedded in paraffin, and sectioned at a
thickness of 7 um. The sections were mounted on glass slides and stained with
hematoxylin and eosin using routine laboratory procedures in the Transgenic
Core Pathology Laboratory at the University of California, Davis. Sections were
compared with other specimens in the extensive mouse mammary tumor data-
base (http://www-mp.ucdavis.edu/tgmice/firststop.html).

RESULTS

Generation and characterization of MMTV-c-rel transgenic
mice. To determine the role of c-Rel in mammary tumorigen-
esis, we generated a mouse model where c-rel cDNA was
expressed under the control of the MMTV-LTR promoter, an
effective vector for expressing oncogenes and for transforming
the mammary epithelium (11, 61). A construct containing the
full-length mouse c-rel cDNA was inserted in a plasmid con-
taining the MMTV-LTR promoter and an SV40 T antigen
intron-poly(A) cassette to ensure efficient expression in vivo.
The insert c-rel DNA was then utilized to generate transgenic
mice in the FVB/N mouse strain. Integration of the construct
into the genome of potential founders was assessed by South-
ern blot analysis of tail DNA with c-rel cDNA as a probe (Fig.
1A and data not shown). Five founders successfully passed the
transgene through the germ line. Founder line 18 had approx-
imately two to three copies of the transgene, while lines 7, 14,
and 15 had four to five copies and line 16 had approximately
nine copies, as estimated by comparison with bands resulting
from hybridization with the endogenous gene on the Southern
blots. MMTV—c-rel transgenic mice of all founders developed
and bred normally. Transgenic females were able to nurse their
pups.

To characterize the expression pattern of the c-rel transgene,
line 14 MMTV-c-rel mice or WT FVB/N mice, as control, were
bred to activate the MMTV-LTR promoter, which contains
hormonally responsive elements activated by progestins and
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FIG. 1. MMTV-LTR-driven c-rel transgene expression in FVB/N
mice. (A) Identification of founder lines. Genomic taill DNA was
prepared from the indicated potential founders MMTV—c-rel trans-
genic mice, and samples (10 pg) digested with PstI and subjected to
Southern blot analysis for c-rel using the 2.2-kb fragment, encompass-
ing the MMTV-LTR promoter and an ~1-kb fragment of mouse c-re/
cDNA, released from the MMTV—c-rel plasmid digested with Pstl, as
a probe. The positions of the bands derived from the c-rel transgene
and the endogenous c-rel gene are as indicated. (B) Transgenic c-rel
expression. Total RNA was isolated from the indicated organs of WT
FVB/N or line14 MMTV—c-rel mice at day 18.5 of the first pregnancy,
and subjected to DNase treatment. Samples (5 ng) were subjected to
RT-PCR analysis, in the presence (+) or absence (—) of RT to control
for DNA contamination, using c-re/ transgene-specific oligonucleo-
tides, amplifying a 236-bp fragment. Similar analysis of B-actin RNA
levels confirmed the integrity of the reverse transcription reaction.
(C) Total c-Rel expression. Mammary glands were removed from WT
FVB/N or the indicated transgenic line mice at day 18.5 of the first
pregnancy. Nuclear extract were prepared, and samples (20 pg) sub-
jected to immunoblot analysis of c-Rel, and Sp1, as control for loading.
As additional controls, nuclear extracts and WCEs from the WEHI 231
immature B-lymphoma cells, which express high constitutive levels of
c-Rel (40), were similarly analyzed. The values of c-Rel normalized to
Spl level relative to the WT sample are displayed below.

corticosteroids. At day 18.5 of the first pregnancy, total RNA
was isolated from the mammary glands and various other or-
gans. RNA samples were subjected to a radiolabeled trans-
gene-specific RT-PCR assay, performed with a 5’ mouse c-re/
cDNA sense primer and a 3" SV40 poly(A) antisense primer
(Fig. 1B). Expression of c-rel transgene mRNA was observed in
the mammary gland of line 14, but not the WT mouse, as
expected (Fig. 1B, left panel). RNA quality and equal loading
was confirmed by analysis of 3-actin mRNA expression profiles
by RT-PCR (Fig. 1B, bottom panel), as well as in ethidium
bromide-stained gels (data not shown). At day 18.5 of preg-
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TABLE 1. Tumor incidence and histopathology in female MMTV—c-rel transgenic mice after multiple cycles of pregnancy and regression®

c No. of:
Mam. tumor diagnosis (other tumors)? Age Line Mouje
(mo) Mam. tumors Other tumors no.

Mam. squamous cell carcinoma and hyperplasia (bronchial adenocarcinoma) 22 1 1 7 4026
Mam. adenosquamous carcinoma 22 1 0 7 4042
Mam. adenosquamous carcinoma 18 1 0 14 3814
Mam. adenosquamous carcinoma (papillary bronchial adenomas) 20 1 1 14 3983
Mam. adenocarcinomas with pulmonary metastases 23 4 1 14 3996
Mam. papillary carcinoma, lobular hyperplasia, squamous nodules 23 1 0 14 4936
Mam. squamous cell carcinoma and hyperplasia 15 1 0 14 4556
Mam. adenocarcinoma (papillary bronchial adenocarcinomas) 19 1 1 15 127
Mam. squamous cell carcinoma 22 1 0 16 3872
Mam. adenocarcinoma with poorly differentiated large cells 18 1 0 16 3875
Mam. squamous cell carcinoma and hyperplasia (centrocytic lymphoma) 18 1 1 16 4521
Spindle cell tumor, originating from a mam. adenocarcinoma 19 1 0 16 4528

“ Thirty-eight multiparous female mice from the four transgenic lines (7, 14, 15, and 16) were monitored for tumor incidence by biweekly palpable examination.
b Histopathological analysis of mammary (mam.) glands and other organs (heart, lung, liver, kidney, spleen, and adrenal gland) from the same animal was performed

when a tumor was detected.
¢ Age when tumor was detected.

@ An identification number was given to the individual mice of the cohort for further analysis of the tumors.

nancy, expression of transgene c-rel mRNA was also observed
in the spleen, salivary gland, and intestine of mice of line 14
(Fig. 1B) and line 16 (data not shown), while undetectable or
low levels were observed in the kidney and liver (Fig. 1B) and
heart and lung (data not shown). Where indicated, reactions
were performed in the absence of RT, which confirmed the
absence of DNA contamination. Thus, the c-rel transgene
mRNA is expressed mostly in glandular organs and lymphoid
tissues, which is consistent with previous studies with the
MMTV-LTR promoter (38, 55).

We next sought to determine total levels of c-Rel protein
expression, which includes both endogenous and transgenic
c-Rel. At day 18.5 of the first pregnancy, nuclear extracts were
prepared from mammary glands of transgenic lines 7, 14, 15,
16, and 18 mice, and from a WT FVB/N mouse as control.
Samples were subjected to immunoblot analysis for c-Rel and
Spl to normalize for loading (Fig. 1C). Nuclei from the WT
mammary gland contained basal levels of c-Rel, as has been
reported recently (10). All of the transgenic lines displayed
higher normalized levels of nuclear c-Rel. The lowest level was
seen in line 18, consistent with its low transgene copy number,
as seen above; therefore, the other four lines (i.e., lines 7, 14,
15, and 16) were chosen for further study.

MMTV-c-rel transgenic mice develop late-onset mammary
carcinomas. To promote c-rel transgene overexpression,
MMTV-c-rel female mice were continuously bred to induce
the MMTV-LTR promoter. A cohort of 38 multiparous female
mice from the 4 expressing lines was monitored for tumor
incidence over 2 years. Mice were subjected to biweekly pal-
pable examination, and when the presence of a tumor was
detected, the mammary glands and other organs were sub-
jected to histopathological analysis. Thirty-one percent of the
mice developed mammary carcinomas at an average age of
19.9 months (Table 1). In contrast, mammary tumors develop
with a very low incidence (<1%) in WT female FVB/N mice
that have been similarly bred (38). An identification number,
with the origin of the line was attributed to each tumor, and
characteristics of the different breast tumors are described in
the Table 1. Mice from each of the four transgenic lines de-

veloped mammary carcinomas. The tumor incidence was 33.3,
41.7, 20, and 33.3% in MMTV—c-rel transgenic lines 7, 14, 15,
and 16, respectively (data not shown), suggesting that tumor
development is related to c-rel transgene expression rather
than random insertional events. In all but one case, the tumors
arose as solitary masses in a single mammary gland. Of the 12
mammary tumors, 3 were pure adenocarcinomas (Fig. 2A), 3
were adenosquamous carcinomas (Fig. 2C), 4 were squamous
cell carcinomas (Fig. 2D), 1 was classified as a papillary ade-
nocarcinoma, and 1 was a spindle cell carcinoma (Fig. 2E).
Spindle cell carcinomas are often related to an epithelial to
mesenchymal cell transition (EMT), which is the transforma-
tion of epithelial cells into cells with features of mesenchymal
cells, favoring the progression of a carcinoma towards a dedif-
ferentiated and more malignant state (reviewed in reference
63). To test for cells of epithelial origin, immunohistological
staining was carried out using antibodies specific for the epi-
thelial cell marker cytokeratin 8 (Fig. 2F). The spindle cell
carcinoma stained positively for cytokeratin 8, consistent with
an EMT tumor. One of the adenocarcinomas was metastatic to
the lung (Fig. 2B).

Lastly, mammary glands of three other multiparous 2-year-
old transgenic mice, which were not included in the cohort,
were subjected to histopathological analysis even without the
presence of a palpable tumor. This examination revealed the
presence of an adenosquamous carcinoma and a mammary
squamous cell carcinoma in two of the mice (data not shown).
In addition to the tumors, poor regression of the alveolar tree
of the mammary gland after pregnancy was another histolog-
ical abnormality that was frequently seen (data not shown).
Therefore, the histology of mammary tumors in MMTV—c-rel
mice appears variable, suggesting changes in mammary epithe-
lial cells during c-Rel-induced tumorigenesis.

c-Rel expression is elevated in mammary glands and tumors
of MMTV-c-rel transgenic mice. Previous studies showed that
the MMTV-LTR promoter is still active in regressing mam-
mary glands, leading to sustained transgene expression over
the animal’s lifetime (38, 55). We therefore investigated trans-
genic c-rel expression in mammary glands and tumors from
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FIG. 2. Representative histopathologies of mammary tumors that developed in MMTV—c-rel transgenic mice after multiple cycles of pregnancy
and regression. (A) Adenocarcinoma; (B) pulmonary metastasis in a mouse with mammary adenocarcinomas; (C) adenosquamous carcinoma
showing areas with extracellular squamous differentiation (arrow); (D) squamous cell carcinoma; (E) spindle cell carcinoma; (F) immunohisto-
chemistry for cytokeratin 8 expression in the spindle cell carcinoma shown in 2E. Note the staining of many of the spindle cells and staining of

luminal epithelium in the glands (arrow).

multiparous transgenic mice. RNA was isolated from mam-
mary tumors of mice from transgenic lines 14 and 16 and from
grossly normal mammary glands from age-matched transgenic
mice (16 to 24 months) that had bred at least three times. In
addition, RNA was isolated from mammary glands of a nul-
liparous (virgin) WT FVB/N mouse and a virgin transgenic line
16 female as negative controls. Samples were subjected to a
radiolabeled transgene-specific RT-PCR assay (Fig. 3A). As a
control for DNA contamination, reactions were performed in

the presence or absence of RT. RNA quality and essentially
equal loading was confirmed by analysis of B-actin mRNA
expression profiles by RT-PCR (Fig. 3A, bottom panel), and by
ethidium bromide staining of gels (data not shown). All tumors
and most normal mammary glands of multiparous MMTV—c-
rel transgenic mice exhibited expression of transgene mRNA,
although at variable levels (Fig. 3A, top panel). In tumors, the
lowest expression level of transgene mRNA was observed in
the mammary tumor developed in mouse 4521 (line 16), whose
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FIG. 3. Expression of c-Rel in transgenic female MMTV—c-rel breast tumors. Mammary glands were removed from virgin WT FVB/N (WT
Virgin) or transgenic line 16 (16 Virgin) mice and from tumor (T) and grossly normal (N) tissues of multiparous line 14 and 16 transgenic mice.
The identification number given to the individual mice is indicated in parentheses. Characteristics of the tumor samples are given in the Table 1.
(A) Transgenic c-rel expression. RNA was prepared from mammary gland and tumor tissues, and samples subjected to RT-PCR with primers
specific for transgenic c-rel, as in the legend to Fig. 1. (B) Total protein c-Rel expression. Nuclear extracts were prepared, and samples (40 p.g)
subjected to immunoblot analysis of c-Rel levels. Coomassie blue staining of SDS-PAGE gels was used as control for equal loading (bottom panel).
While the overall levels of staining were essentially equivalent, the analysis revealed that the patterns of protein expression are different between
tumors, WT and normal transgenic mammary gland samples. This variability likely results from differences in cell type composition in these tissues.

histologic analysis showed a complex cell pattern, consisting of
mammary squamous cell carcinoma and hyperplasic epithelial
cells (Table 1). In contrast, virgin WT and transgenic mam-
mary glands did not express detectable levels of transgene
mRNA, as expected. Thus, ectopic c-rel transgene expression is
induced in the mammary gland by pregnancy, and is expressed
in the tumors and grossly normal mammary glands of multip-
arous MMTV-c-rel mice.

We next assessed total c-Rel protein expression in mammary
glands and tumors of transgenic mice by immunoblot analysis.
Nuclear extracts were prepared from the indicated tumors
(Fig. 3B). As a control, nuclear extracts were isolated from
mammary glands of a WT virgin FVB/N mouse and from
nonmalignant mammary glands of an age-related line 14
mouse (3000 N) that had undergone three cycles of pregnancy
and regression. The mammary gland of the line 14 mouse
(3000 N) and all tumors displayed elevated levels of c-Rel
expression compared to the WT mammary gland, which
showed only a low basal expression (Fig. 3B and data not
shown). This is consistent with the pattern of transgenic c-re/
expression obtained above. In addition, about half of the tu-
mors showed higher expression levels of c-Rel than grossly
normal transgenic mammary glands (Fig. 3B and data not
shown). When the results were scanned, a 3- to 150-fold (av-
erage, [68.0 = 60.1]-fold) increase in nuclear c-Rel expression
was observed in tumor and normal transgenic mammary glands

compared to the WT sample. Equal loading was confirmed by
Coomassie blue staining of gels (Fig. 3B, bottom panel), al-
though the patterns of total protein expression appeared dif-
ferent between tumor samples and WT or normal transgenic
mammary gland samples. This variability likely results from
differences in cell type composition between the various mam-
mary tumors and the normal tissue. Overall, these results in-
dicated that c-rel transgenic mRNA and total c-Rel protein
expression are upregulated in MMTV—c-rel mammary glands
and tumors compared to WT mice.

Expression of NF-kB family members in mammary glands
and carcinomas of MMTV-c-rel transgenic mice. To test for
constitutive nuclear c-Rel binding activity, nuclear proteins
were isolated from a mammary tumor (adenocarcinoma) and
grossly normal mammary glands of line 15 mouse 127 and were
subjected to EMSA analysis with an oligonucleotide probe
containing the NF-kB element upstream of the c-myc pro-
moter, which binds all Rel family members (39) (Fig. 4A). The
normal mammary gland displayed a low level of NF-kB bind-
ing (better seen on a darker exposure), consistent with our
previous findings with nuclear extracts from normal rat mam-
mary glands and histologically normal mammary tissue from
MMTV-Her-2/neu transgenic mice (34, 45, 59). The extracts
from the c-Rel-induced tumor displayed two major complexes
of NF-«B binding. To identify the nature of the subunit com-
ponents, we used antibodies against either c-Rel or p50 in
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FIG. 4. MMTV-c-rel tumors display elevated NF-kB binding. (A) Nuclear extracts were prepared from MMTV—c-rel line 15 (127) mouse
mammary tumor and grossly normal mammary glands, and samples (5 pg) subjected to EMSA for NF-kB binding. To identify subunit composition,
the indicated samples were incubated overnight at 4°C in the absence (—) or the presence of a supershifting antibody specific for p50, or a blocking
antibody specific for c-Rel. The positions of the identified p50/c-Rel and p50 homodimer complexes are as indicated. (B and C) Nuclear extracts
were prepared from line 14 3996 mammary tumor (3996R1 T) and grossly normal mammary glands (N), and samples (5 ng) were subjected to
EMSA for NF-kB (B) and, as a loading control, Oct-1 (C). For supershift analysis, samples were incubated overnight at 4°C in the absence (—)
or the presence of supershifting antibodies specific for p50, RelA, c-Rel (sc-70), and RelB. The arrow shows the position of the c-Rel supershifted
complex. Where indicated, nuclear extracts (5 ng) of WEHI 231 B cells, which express high levels of c-Rel/p50 complexes (40), were analyzed as
a positive control in the same experiment, however a lighter exposure is shown for the WEHI 231 samples. (D) A nuclear extract was prepared
from line 14 3996 mammary tumor (3996 T), and samples (5 ng) were subjected to EMSA for NF-«B, with a WEHI 231 nuclear extract, in the
absence or presence of the indicated c-Rel-specific antibodies, as above. Inset represents a darker exposure of the region of the supershifted bands
indicated in the figure.

EMSA. Addition of an antibody that preferentially recognizes We next performed EMSA on mammary tumor (adenocar-

p50 in a homodimer complex, shifted the bottom band com-
pletely, and reduced the more slowly migrating complex. Ad-
dition of an antibody against c-Rel selectively reduced the top
band. These results suggest that the upper complex consisted
of p50/c-Rel heterodimers, while the bottom complex was a
homodimer of p50.

cinoma) samples from a line 14 (3996) mouse. This mouse had
developed four mammary adenocarcinomas, as well as pulmo-
nary metastases (Table 1). Nuclear extracts isolated from one
of the mammary tumors (3996R1) displayed multiple NF-«xB
complexes (Fig. 4B). The level of NF-kB binding was more
intense than seen with the nuclear extract from a nonmalignant
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mammary gland from the same animal (line14 3996 N), while
levels of control Oct-1 binding were similar in these samples
(Fig. 4C). Of note, an NF-kB complex of higher mobility was
present in the normal sample. We previously observed the
presence of such a complex in nuclear extracts isolated from
normal human and mouse breast tissue, and supershift analysis
showed that these complexes contained predominantly p50
homodimers (reference 50 and data not shown). Addition of a
c-Rel-specific antibody resulted in diminished binding and the
formation of one slowly migrating supershifted complex (Fig.
4B, indicated by an arrowhead). Addition of an antibody
against c-Rel reduced the binding and yielded a similar super-
shifted complex with control extracts from WEHI 231 imma-
ture B-lymphoma cells, which express high levels of activated
c-Rel and p50, and lower levels of RelA (40, 48), indicating
that the line14 3996R1 tumor sample contains p50/c-Rel com-
plexes. Addition of supershifting antibodies against p50, RelA,
or RelB to the line 14 3996R1 extracts resulted in shifted
complexes. In particular, addition of a p50 antibody greatly
reduced binding and yielded two major and a few minor su-
pershifted bands. Interestingly, addition of a RelA antibody
yielded three supershifted RelA-containing complexes, whereas,
the expected one RelA-containing complex (e.g., pS0/RelA)
was seen with the WEHI 231 extract (40). These results suggest
that RelA is present in multiple complexes in the mammary
gland tumor sample. Lastly, a RelB antibody also reduced
binding with the line 14 tumor extract, yielding one super-
shifted complex (Fig. 4B). Addition of the RelB antibody had
no detectable effect on the WEHI 231 cells, consistent with the
lack of nuclear RelB in these cells (48). To further characterize
the c-Rel binding, we compared the effects of the anti-c-Rel
sc-70 from Santa Cruz with three different c-Rel antibody
rabbit polysera obtained from N. Rice and M. Ernst (sera 1050,
1051, and 1266), using nuclear extracts from a second tumor
from line 14 3996. All of the antibodies reduced the upper
complex which comigrated with the WEHI 231 c-Rel/p50 band
to approximately the same extent (Fig. 4D). The positions of
the supershifted complexes varied for all of the antibodies (Fig.
4D, inset). These finding confirm the presence of c-Rel in
NF-kB DNA binding complexes, although, it was not the pri-
mary component in the nuclear extracts. Together, these re-
sults indicate that multiple NF-kB subunits are binding in the
tumor samples, including c-Rel, p50, RelA, and RelB.
Mammary tumors contain multiple NF-«kB subunits. The
finding that nuclear extracts of mammary tumors from the
MMTV-c-rel mice contain multiple NF-kB complexes led us to
more fully assess the nature of the NF-«kB subunit expression in
mammary glands and tumors. Immunoblot analysis was per-
formed for the p50, RelA, RelB, and p52 NF-kB subunits, and
for Bcl-3 protein in nuclear extracts from mammary tumors
developed in MMTV—c-rel mice, and from uninvolved mam-
mary glands from a multiparous age-related line 14 transgenic
mouse (3000 N), and from a WT virgin FVB/N mouse (Fig. 5).
Interestingly, expression of the subunits encoded by genes that
are regulated by NF-«B, e.g., p50, p52, and RelB (reviewed in
reference 44) appeared substantially increased in many of the
samples from the transgenic mice. A dramatic increase in ex-
pression of p5S0 was seen in essentially all of the tumor speci-
mens, as well as grossly normal transgenic mammary gland
samples compared to the WT sample. Densitometry indicated
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FIG. 5. MMTV-c-rel tumors express multiple NF-kB subunits and
the Bcl-3 protein. Nuclear extracts were prepared from the indicated
mammary tumors, grossly normal mammary glands (N) of multiparous
line 14 MMTV—c-rel mice, and from mammary glands of a WT nul-
liparous FVB/N mouse (WT Virgin). Samples (40 ng), subjected to
immunoblot analysis as in Fig. 3B, were reprobed for expression of the
p50, RelA, RelB, and p52 NF-«B subunits and the Bcl-3 protein. The
positions of molecular mass markers are indicated.

a 2.1- to 618-fold induction (average, [330 + 325]-fold) induc-
tion in p50 nuclear levels. Expression of RelB displayed a large
increase in three of the specimens compared to the WT mam-
mary gland sample, and a moderate increase in the other 4
samples. In contrast, RelA appeared only moderately in-
creased in most transgenic mammary glands compared to WT
mammary glands. Densitometry showed a 1.0- to 1.6-fold in-
crease (average, [1.3 = 0.4]-fold) in RelA nuclear expression.
Interestingly, this contrasted with the relatively high level of
RelA binding previously seen in the EMSA of line 14 3996R1
(Fig. 3B), and of other 2 tumor samples that were similarly
analyzed (data not shown). Bcl-3 expression was detectable
only in tumor samples, and two of them also displayed ex-
tremely high levels of pS0 and p52 expression. No detectable
IkB-a was seen in the nuclear extracts, and no differences were
observed in IkB-B levels (data not shown). Overall, these find-
ings indicate that in addition to the c-Rel subunit itself, the
MMTV—c-rel mammary gland tumors display a wide range of
constitutively active nuclear NF-kB subunits, including p50,
pS2, and RelB, and to a lesser extent RelA, as well as Bcl-3.
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Similar complex patterns were seen previously in primary hu-
man breast cancer specimens (15, 59).

MMTV-c-rel mammary glands and carcinomas display ele-
vated expression of downstream target gene cyclin DI1. The
NF-«B target gene cyclin D1 (25, 26) has been implicated in
breast cancer (reviewed in reference 32). Its expression, which
is upregulated in ~50% of human breast tumors, is required
for proliferation of breast cancer cells in culture, and MMTV-
cyclin DI mice develop mammary adenocarcinomas (64).
Therefore, we sought to test whether cyclin D1 mRNA levels
were increased during pregnancy in the mammary glands of
MMTV-c-rel versus WT mice. Lines 7, 14, 15, and 16 MMTV-
c-rel mice and age-matched WT FVB/N mice (3 to 6 months
old) were bred to activate the MMTV-LTR promoter in trans-
genic mammary glands. At day 18.5 of the first pregnancy, total
RNA was isolated from the mammary glands and samples
subjected to analysis of cyclin D1 mRNA levels using either a
semiquantitative RT-PCR assay specific for cyclin D1 in the
presence or absence of RT, as control, or Northern blot anal-
ysis (Fig. 6A). For the RT-PCR assay, RNA quality and load-
ing were normalized by evaluation of B-actin levels using 25
cycles of PCR, which is within the linear phase of amplification.
The level of cyclin D1 mRNA was higher in all of the trans-
genic mouse mammary glands compared with the three WT
mouse samples. When results of this and a duplicate experi-
ment were scanned and normalized to B-actin mRNA levels, a
(2.5 £ 0.8)-fold increase (P < 0.003) in cyclin D1 mRNA levels
was observed in transgenic compared to WT samples. Simi-
larly, higher levels of cyclin D1 mRNA were observed in the
transgenic mouse mammary glands compared with WT mouse
samples in the Northern blot analysis. RNA loading was nor-
malized to the levels of 28S rRNA. Expression of cyclin D1
mRNA could be detected in two of the five WT mice tested
(WT 3 and WT 14). All transgenic mice displayed detectable
expression levels of cyclin D1 mRNA, and these levels were
higher than those of the WT 3 and WT 14 samples. When
results were scanned and normalized to 28S rRNA levels, a
(6.8 = 5.4)-fold increase in cyclin D1 mRNA levels were ob-
served in the transgenic samples compared to WT 3 and WT 14
samples. Thus, overexpression of transgenic c-Rel in the mam-
mary gland during the first pregnancy is sufficient to induce a
substantial increase in cyclin D1 mRNA expression.

We next evaluated cyclin D1 levels in c-Rel-induced mam-
mary tumors compared to nonmalignant mammary glands in
transgenic animals, again using both the semiquantitative RT-
PCR assay and Northern blot analyses (Fig. 6B). Total RNA
was isolated from mammary carcinomas that had developed in
transgenic mice of lines 14 and 16, as well as from grossly
normal mammary glands from multiparous age-related trans-
genic mice of the same lines. As a reference for basal levels of
cyclin D1 mRNA in the mammary gland, total RNA was ex-
tracted from mammary glands of five virgin adult transgenic
mice of lines 16 or 15. In this and a duplicate RT-PCR assay,
all of the tumors displayed higher expression levels of cyclin D1
compared to the two grossly normal mammary gland samples
tested. Interestingly, the normal sample 14 (5441 N) displayed
higher levels of cyclin D1 mRNA than the normal sample 16
(4948 N), which correlated with their respective levels of c-rel
transgene expression as seen above (Fig. 3A). In Northern blot
analysis, levels of cyclin D1 mRNA were barely detectable in
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the five virgin mammary gland samples tested. In contrast, one
(14 4949 N) of the three grossly normal mammary gland sam-
ples and one tumor (14 3814 T) displayed detectable expres-
sion levels of cyclin D1 mRNA, while the cyclin D1 mRNA
levels were sharply increased in the 3 other tumors (16 4528 T,
14 3996 T, and 14 4936 T). Therefore, MMTV—c-rel mammary
glands and carcinomas display a substantial overexpression of
cyclin D1 mRNA compared to the WT mammary gland.

Evidence has also suggested NF-kB mediates regulation of
cyclin A (reviewed in reference 32). Thus, we compared the
overall cyclin expression profiles in the c-Rel-induced mam-
mary tumors with the grossly normal mammary glands. In the
first set, total RNA was prepared from two grossly normal
mammary glands from multiparous transgenic mice line 14
(4949 N and 4946 N), and two mammary tumors of line 14
(3814 T) and 16 (4528 T). In a second set, total RNA was
prepared from mammary carcinomas of line 14 (4936 T and
4556 T) and line 16 (4521 T). RNA samples were subjected to
a multiprobe RPA kit, which assesses mRNA levels for cyclins
Al, A2, B1, B2, C, D1, D2, and D3, and L32 and GAPDH
housekeeping gene products (Fig. 7). In this and a duplicate
experiment, bands were detectable for cyclin A2, B1, D1, D2,
and D3 mRNA. The mRNA from the c-Rel-induced tumors
displayed increased expression of the cyclin D1 gene compared
to the normal mammary glands (Fig. 7, left panel), consistent
with the Northern blot analysis above (Fig. 6B). The tumors
displayed variable levels of mRNA for cyclins A2, B1, D2, and
D3. Analysis of the housekeeping genes L.32 and GAPDH
confirmed the essentially equal loading of samples within the
panels. Thus, RPA showed that MMTV—c-rel tumors display
an increase in cyclin DI gene expression with variable levels of
expression of the other cyclins.

MMTV-c-rel mammary tumors overexpress c-myc. We next
tested for changes in c-myc gene expression, another NF-«B
target gene (17, 39), which affects cell proliferation and sur-
vival (reviewed in reference 5). RNA was isolated at day 18.5
of the first pregnancy from mammary glands of line 7, 15, and
16 MMTV-c-rel transgenic and WT FVB/N mice, all 3 to 6
months old. Samples were subjected to Northern blot analysis
for c-myc RNA levels (Fig. 8A). The quality of the RNA was
evaluated by ethidium bromide staining of the gel (Fig. 8A)
and by Northern blot analysis of GAPDH mRNA expression
levels (data not shown). The level of c-myc mRNA appeared
higher in most of the mammary glands of the transgenic ani-
mals compared to the two WT mice. When results were
scanned and normalized to 28S rRNA levels, a (2.4 * 1.4)-fold
increase was observed in c-myc mRNA expression levels in
transgenic samples compared to the average of the WT sam-
ples. Comparable increase was obtained upon normalization to
levels of GAPDH mRNA ([2.8 * 0.7]-fold, data not shown).
These levels of increase did not reach statistical significance.

We next compared the levels of c-myc mRNA expression in
mammary glands versus carcinomas of multiparous age-related
transgenic mice and a virgin transgenic mouse. Quality of the
RNA and equal loading was checked by ethidium bromide
staining of the gel (Fig. 8B) and by RT-PCR analysis of B-actin
mRNA levels, as shown above in Fig. 3B (bottom panel). In
Northern blot analysis, all the normal and tumor mammary
glands of c-Rel-expressing multiparous transgenic mice dem-
onstrated a substantial increase in c-myc mRNA expression
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FIG. 6. MMTV-c-rel mammary glands and carcinomas overexpress cyclin D1 mRNA. (A) Mammary glands. Total RNA was prepared from
mammary glands of 3- to 6-month-old mice or WT FVB/N mice at day 18.5 of the first pregnancy. RT-PCR: RNA was subjected to DNase
treatment, and analysis on ethidium bromide stained gels verified quality and essentially equal loading (data not shown). Samples (5 pg) were
subjected to RT-PCR analysis of cyclin D1 and B-actin mRNA levels in the presence (+) or absence (—) of RT to control for DNA contamination.
For the B-actin mRNA analysis, levels appeared saturated after 30 cycles of PCR and identical in all of the samples tested, while levels were
undetectable below 20 PCR cycles (data not shown), so 25 PCR cycles was selected for normalization. The values of cyclin D1 signal intensity
normalized to B-actin mRNA levels are presented relative to the WT (3) sample. RNA samples (5 pg) were subjected to Northern blot analysis
of cyclin D1 gene levels using a radiolabeled human full-length cyclin D1 cDNA as probe. Ethidium bromide staining of the 28S rRNA was used
as a control for loading. The values of cyclin D1 signal normalized to 28S rRNA relative to WT (3) are given below. ND, not detectable by scanning.
(B) Mammary carcinomas. Total RNA was prepared from the indicated mammary tumors (T) and grossly normal mammary glands (N) of
age-related multiparous line 14 and 16 MMTV—c-rel mice, as well as from virgin (V) transgenic mouse mammary glands. RNA samples (5 pg) were
subjected to semiquantitative RT-PCR analysis to assess cyclin D1 mRNA levels, as described above. The values of cyclin D1 signal intensity
normalized to B-actin RNA levels are presented relative to the line 16 (4948 N) normal sample (which was better seen on a darker exposure). RNA
samples (5 pg) were subjected to Northern blot analysis to assess cyclin D1 mRNA levels, as described above. The values of cyclin D1 signal
normalized to 28S rRNA relative to 15 (8441) are given below. ND, not detectable by scanning.
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FIG. 7. Profile of cyclin gene expression in MMTV—c-rel mouse
mammary glands and tumors. Total RNA was prepared from the in-
dicated mammary tumors (T) or grossly normal mammary glands (N)
of age-related multiparous line 14 and 16 MMTV-c-rel mice. RNA
samples (5 pg) were subjected to RPA analysis to assess mRNA levels
for cyclin Al, A2, Bl, B2, C, D1, D2, and D3, and L32 and GAPDH
housekeeping genes. Data from two sets of analyses are shown in the
left and right panels. The identities of the RNase protected bands were
established using the undigested probes as markers and a control RNA
for mouse cyclin mRNA expression provided with the kit (data not
shown).

levels compared to the line 16 virgin mouse sample. When the
results were scanned and normalized to levels of 28S rRNA, a
(16.5 = 8.3)-fold increase in c-myc mRNA expression levels
was observed in mammary glands of multiparous transgenic
mice compared to the virgin transgenic mouse sample. In ad-
dition, tumors displayed a (2.3 = 0.8)-fold increase in levels of
c-myc RNA expression compared to grossly normal mammary
glands of multiparous MMTV—c-rel transgenic mice (P <
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0.028) (Fig. 8B). Thus, increased c-rel expression in transgenic
mice leads to elevated levels of c-myc mRNA in mammary
glands and carcinomas.

MMTV-c-rel mammary glands and tumors overexpress
bcl-xI RNA. The bcl-xl, and bfl-1/al genes, which encode two
prosurvival members of the Bcl-2 family, have been identified
as direct targets of NF-kB (13, 70). Bcl-2 expression has also
been found to be upregulated by NF-«B (12, 30, 37), but it is
unclear if this is a direct effect of NF-kB. Given the evidence
for the role of the Bcl-2 family of cell death regulators in
mammary tumorigenesis (29), we next assessed mRNA levels
of Bcl-2 family members using a second RPA kit. This kit
measures RNA levels of the prosurvival genes bcl-2, bel-xl, and
bfl-1/al, and of bax, bak, and bad, which promote apoptosis.
RNA samples, isolated from two tumors and two grossly nor-
mal mammary glands of MMTV-transgenic mice were sub-
jected to RPA (Fig. 9). Results of two independent experi-
ments showed an increase in the expression of bcl-xl RNA
levels in the two tumors tested compared to normal mammary
glands. When results were scanned and normalized to L3,
mRNA levels, an ~6.6- and 3.2-fold increase in bcl-xI mRNA
expression levels were observed in tumor samples 14 (3814 T)
and 16 (4528 T), respectively, compared to the two normal
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FIG. 8. MMTV-c-rel tumors overexpress c-myc mRNA. (A) Mam-
mary glands. Total RNA was prepared from mammary glands and
samples (15 pg) subjected to Northern analysis for c-myc mRNA
expression. As a control, the gel was stained with ethidium bromide,
shown below. The relative values of c-myc signal intensity normalized
to levels of 28S rRNA are given relative to the WT (2) virgin sample.
(B) Mammary tumors. Total RNA was extracted from the indicated
mammary tumors (T) and grossly normal mammary glands (N) of
age-related multiparous line 14 and 16 MMTV—c-rel mice. In addition,
RNA was isolated from mammary glands of a nulliparous transgenic
line 16 mouse (16 Virgin). RNA samples (20 pg) were subjected to
Northern analysis for c-myc mRNA expression. As controls for RNA
integrity and equal loading, the gel was stained with ethidium bromide,
and RNA samples subjected to RT-PCR analysis for B-actin mRNA
levels (Fig. 3). The values of c-myc signal intensity normalized to 28S
rRNA levels relative to the line 16 virgin sample are given below.
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FIG. 9. Profile of Bcl-2 family member gene expression in MMTV-
c-rel mouse mammary glands and tumors. RNA was prepared from the
indicated mammary tumors (T) and grossly normal mammary glands
(N) of age-related multiparous line 14 and 16 MMTV—c-rel mice.
Samples (5 pg) were subjected to RPA analysis to assess mRNA levels
of Bcl-2 family member genes, i.e., bfl-1/al, bcl-xl, bax, bak, bcl-2, and
bad, and L32 and GAPDH housekeeping genes. The identity of the
RNase protected bands were established using the undigested probes
as markers and a control RNA for mouse apoptosis gene expression
provided with the kit (data not shown).

samples. By contrast, only low and unchanged expression of
bcl-2 and bfl-1/al, respectively, was observed. The mRNA ex-
pression of the pro-apoptotic genes bax, bak, and bad appeared
to change only modestly in the tumor samples. Essentially
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equal loading was confirmed by analysis of the L32 and
GAPDH housekeeping genes. These results suggest that c-Rel-
induced mammary tumors display increased levels of bcl-x/
mRNA expression.

To further study the involvement of Bcl-x; in c-Rel-induced
mammary tumorigenesis, we measured bcl-x/ mRNA expres-
sion levels in tumors as well as during pregnancy in the mam-
mary glands of MMTV—c-rel versus WT mice. Samples of total
RNA isolated from the mammary glands at day 18.5 of the first
pregnancy of lines 7, 14, 15, and 16 MMTV—c-rel mice and
age-matched WT FVB/N mice, described above, were sub-
jected to semiquantitative RT-PCR and to Northern blot as-
says of bcl-xl mRNA levels (Fig. 10A). For the RT-PCR, RNA
quality and loading were normalized to B-actin levels, as de-
scribed above in Fig. 6. The level of bcl-xIl mRNA was higher in
mammary gland samples from all of the transgenic mice com-
pared with those from the three WT mice. When results of this
and a duplicate experiment were scanned a (3.0 = 0.8)-fold
increase (P < 0.02) in normalized bcl-xl mRNA levels was
observed in transgenic compared to WT mammary gland sam-
ples. In the Northern blotting, RNA quality and loading were
normalized to the levels of 28S rRNA (Fig. 10A), as described
above. The RNA band detected with the probe comigrated
with the transcript seen in NIH 3T3 cells transiently trans-
fected with a human bcl-xI plasmid expression vector. Thus, the
transcript is likely bcl-x/ rather than the bcl-xs mRNA. In the 5
WT samples tested, bcl-xI mRNA levels were barely detectable,
while 4 out of 5 transgenic samples displayed detectable levels
of bcl-xI mRNA. Taken together, these findings indicate that
expression of bcl-xI mRNA increases by day 18.5 of the first
pregnancy in the mammary glands of c-rel transgene mice.

To further study the involvement of Bcl-x; in c-Rel-induced
mammary tumorigenesis, levels of bcl-xI mRNA levels were
compared in samples of total RNA isolated from mammary
carcinomas, grossly normal mammary glands from multiparous
age-related transgenic mice, as well as from virgin mice (Fig.
10B). As judged by RT-PCR, all of the tumors displayed higher
levels of bcl-xl mRNA expression compared to the normal
samples tested, in this and a duplicate experiment. Interest-
ingly, once again the normal line 14 (5441 N) displayed higher
levels of bcl-xl mRNA than the normal sample 16 (4948 N),
which correlated with their respective levels of c-rel transgene
and cyclin D1 mRNA expression seen above (Fig. 3A and 8B).
Expression levels of bcl-xl mRNA in all virgin mammary glands
as well as all grossly normal mammary glands from multiparous
transgenic mice were below levels of detection by Northern
blot. In contrast, expression of bcl-xl mRNA was readily de-
tected in the four tumors tested. Altogether, these results in-
dicate that enforced expression of c-Rel in mammary epithelial
cells leads to increased mRNA levels of cyclin D1, c-myc, as
well as belxl in the mammary glands and derived tumors.

c-Rel-p52 and p50 heterodimer complexes induce cyclin D1
promoter activity in mammary epithelial cells. While the c-
myc and bcl-xl genes have been shown to be direct targets of
c-Rel (13, 24, 39, 70), the cyclin D1 promoter has been shown
to be activated by classical p50/RelA complexes (25, 26), and
even more potently by Bcl-3/p52 (65). Since no studies have
fully investigated the role of c-Rel in the regulation of the
cyclin D1 promoter, we compared the activation of the cyclin
D1 promoter by different NF-kB complexes in mammary epi-
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FIG. 10. MMTV-c-rel mammary glands and carcinomas overexpress bc/-xl mRNA. (A) Mammary glands. Total RNA was prepared from the
indicated 3- to 6-month-old transgenic mice and WT FVB/N at day 18.5 of the first pregnancy. RT-PCR: Samples (5 wg) were subjected to RT-PCR
analysis of bcl-xl and B-actin mRNA levels, as described above in Fig. 6. The values of bcl-xl signal intensity normalized to B-actin mRNA levels
are presented relative to the WT (2) sample. Northern blot: Samples (5 pug) were subjected to Northern blot analysis of bcl-x/ mRNA levels, using
a mouse bcl-xI cDNA as a probe, as described above in Fig. 6. The values of the bcl-xl signals for the WT samples were below the level of detection.
(B) Mammary carcinomas. Total RNA was prepared from the indicated mammary glands (virgin [V] or multiparous grossly normal [N]) or tumors
(T), and samples (5 ng) were subjected to either semiquantitative RT-PCR or Northern blot analysis to assess mRNA levels for bel-x/, as described
above. The values of bcl-x/ signal intensity normalized to B-actin mRNA levels in the RT-PCR analysis are presented relative to the line 16 (4948)
normal sample, while the bcl-x/ signals in the Northern blot analysis for the virgin and normal samples were below the level of detection.

thelial cells. NMuMG mouse untransformed mammary epithe-
lial cells were transfected with vectors expressing cyclin D1
promoter luciferase reporter constructs containing either a wt
(—66 wt) or mutated (—66 mut) proximal NF-kB element, plus
pSV40-B-gal, for normalization, in the absence or presence of
various NF-kB expression vectors (Fig. 11). Expression of p50
or p52 alone results in only a modest increase in cyclin D1
promoter activity. Consistent with previous reports (65), coex-
pression of p52 and Bcl-3 resulted in a sharp increase in cyclin
D1 promoter activity, while p50 and Bcl-3 complexes were less
potent. At the higher dose tested, RelA plus pS0 caused an

increase in cyclin D1 promoter activity. Interestingly, coexpres-
sion of c-Rel and p52 resulted in an activation of the cyclin D1
promoter activity comparable to that seen with p52 plus Bcl-3,
whereas c-Rel/p50 complexes were again less potent. As con-
trols for protein expression levels, NIH 3T3 cells were similarly
transfected, and similar 5 to 10-fold increases in levels of c-Rel,
RelA, p50, p52, and Bcl-3 were observed compared to cells
transfected with the empty vector DNA (data not shown).
These findings indicate that c-Rel can potently induce the
cyclin D1 promoter, in particular when present with the p52
subunit.
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FIG. 11. c-Rel heterodimer complexes induce the cyclin D1 promoter. NMuMG cells were transfected, in duplicate, with —66 WT-cyclin D1
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plasmid expression vectors. After 48 h, cultures were harvested, normalized for B-Gal activity, and assayed for luciferase activity. Normalized values

of luciferase activity are presented (error bars, standard deviations).

Ectopic c-Rel expression increases the levels of cyclin D1,
p52, and p50 in mammary epithelial cells. Next, we investi-
gated the effects of ectopic stable c-Rel overexpression on
cyclin D1 and NF-«B subunit levels using MCF-10F human
untransformed breast epithelial cells. Cells were transfected
with a mouse c-Rel expression vector along with a puromycin
selection plasmid, and grown in the presence of puromycin.
Mixed populations of selected cells were used for analysis. As
controls, we used either MCF-10F cells transfected with the
pBluescript and puromycin selection plasmids and selected
with puromycin or MCF-10F untransfected parental cells
grown under the same conditions. (All populations of cells
grew at the same rate, data not shown). We first confirmed
overexpression of c-Rel in WCEs of c-Rel-transfected cells
compared to parental MCF-10F cells, using B-actin as control
for equal loading (Fig. 12). Scanning of this and a duplicate
experiment indicated that c-Rel-transfected MCF-10F cells
displayed a (2.5 = 1.2)-fold increase in total level of c-Rel
compared to control cells. Importantly, we observed that c-
Rel-transfected MCF-10F cells displayed significant increases
in the levels of cyclin D1, as well as in the NF-«kB subunits p52
and p50 (and their precursors pl00 and p105) compared to
control cells (Fig. 12). Densitometry analysis indicated that
c-Rel-transfected MCF-10F cells displayed a 3.1 and 2.7-fold
increase in levels of p52 and p50, respectively. Densitometry of
this and two other immunoblots (data not shown) indicated
that c-Rel-transfected MCF-10F cells displayed a (1.8 = 0.1)-
fold increase in levels of cyclin D1. Essentially no change was

observed in levels of RelA in c-Rel transfected cells. Control
puromycin-selected cells displayed levels of c-Rel and cyclin
D1 comparable to the parental untransfected cells MCF-10F
cells, indicating that the selection was not responsible for this
observed increase (data not shown). Thus, sustained overex-
pression of c-Rel in untransformed mammary epithelial cells
leads to increased levels of p52, p50, and cyclin D1 expression.
Opverall, these findings indicate sustained c-Rel expression in
mammary epithelial cells is sufficient to lead to the induction in
NF-kB subunits and target genes, responsible for mammary
tumorigenesis.

DISCUSSION

Here we demonstrate for the first time that c-Rel plays a causal
role in tumorigenesis of the mammary gland in an MMTV-LTR-
driven mouse model. Overall, one or more mammary tumors
were detected in 31.6% of MMTV—c-rel transgenic mice at an
average age of 19.9 months. Histological analysis of the mammary
tumors in four independent lines provided evidence for a wide
spectrum of tumor subtypes, including adenocarcinomas, adeno-
squamous carcinomas, squamous carcinomas, a spindle cell car-
cinoma and a papillary carcinoma. One mouse developed pulmo-
nary metastasis in addition to multiple mammary adenocarci-
nomas. In addition to mammary carcinomas, several mice had
enlarged spleen or other abnormalities including lymphoid or
myeloid hyperplasia or centrocytic lymphomas in the spleen,
which can be correlated to the expression of the transgene in
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FIG. 12. Ectopic c-Rel expression in human MCF-10F untrans-
formed mammary epithelial cells induces levels of cyclin D1, and p52
and p50 expression. Cells were cotransfected with pSVSport-c-Rel
(c-Rel) and pGKpuro plasmid expression vectors, and a mixed popu-
lation of cells was selected with puromycin. WCEs were prepared from
transfected cells and parental untransfected cells (Control), and sam-
ples (10 pg) were subjected to immunoblot analysis for c-Rel, RelA,
p52/p100, p50/p105, cyclin D1, and B-actin levels using two identical
blots that were successively reprobed with the different antibodies. To
better visualize the p105 versus p50 band, a longer exposure was used.

splenocytes (Fig. 1B), as also shown in previous studies of
mammary tumors in transgenic mice using the same promoter
(55, 67). By contrast, only rare (<1%) spontaneous cases of
mammary tumors were reported in the FVB/N strain, consist-
ing of squamous carcinomas or keratoacanthomas (42). Al-
though the types of some tumors seen here are similar to those
found in elderly FVB/N mice, the range and types of mammary
tumors seen in the MMTV—c-rel mice are entirely similar to
those induced by the wnt pathway (51). The MMTV—c-rel
mammary tumors displayed sustained expression of the c-rel
transgene mRNA. Tumors were also typified by overexpres-
sion of c-Rel protein, and displayed elevated mRNA levels of
cyclin D1, c-myc, and bcl-xl, three NF-«kB target genes impli-
cated in control of growth and cell survival. These increases
were detected in normal mammary glands during and after the
first cycle of pregnancy. Stable ectopic c-Rel expression in
untransformed mammary epithelial cells led to elevated levels
of p50/p105, p52/p100, and cyclin D1. Furthermore, c-Rel com-
plexes with pS0 or p52 activated the cyclin D1 promoter. While
the v-rel oncogene has been shown to be highly tumorigenic,
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our findings represent the first in vivo demonstration of the
transforming ability of the c-Rel NF-«kB subunit.

As expected, expression of c-rel transgene mRNA was de-
tected in all the c-Rel-induced tumors tested and also in some
grossly normal transgenic mammary glands from multiparous
mice. Total c-Rel protein and c-rel transgene mRNA levels did
not always correlate (Fig. 3 and 5), suggesting that endogenous
c-Rel levels increased in some MMTV—c-rel mammary tumors,
as observed previously in patient primary tumor samples (15,
59). Importantly, supershift analysis confirmed the presence of
c-Rel in the NF-kB DNA binding complexes (Fig. 4 and data
not shown). EMSA and immunoblot analysis demonstrated the
induction of other NF-«kB subunits in the MMTV—c-re/ tumor
mammary gland samples, including p50, p52, RelB, and RelA
and the Bcl-3 protein in addition to the expected c-Rel. The
vast majority of primary breast cancer specimens from patients
display activation of multiple NF-«kB proteins, including c-Rel,
p50, p52, RelA, and RelB subunits and Bcl-3 protein (15, 59).
The genes encoding the p105/p50, p100/p52 and RelB proteins
are known NF-kB targets (reviewed in reference 44), and ec-
topic c-Rel expression in MCF-10F cells induced p50 and p52
expression. These findings suggest that direct activation by
c-Rel may be responsible for the induction of these NF-«B
subunits. In the case of Bcl-3, we have found that it is normally
expressed in the mouse mammary epithelial cell during devel-
opment (data not shown). A modest increase in the RelA
subunit level was observed in MMTV—c-rel tumors by immu-
noblot, but not in the c-Rel transfected mammary epithelial
cells. It is likely that the elevated level of this subunit observed
in the tumors results indirectly from overexpression of the
c-Rel transgene, e.g., activation of a cytokine such as tumor
necrosis factor. If true, posttranslational modifications might
explain the relatively high levels of RelA-containing complexes
observed in EMSA in many of the mammary tumor samples.
Lastly, it appeared that the level of c-Rel-containing complexes
was relatively low, compared to the RelA subunit, suggesting
that c-Rel may need to be modified or to interact with other
proteins to efficiently bind the DNA. We are currently inves-
tigating factors that regulate c-Rel binding in mammary epi-
thelial cells.

NF-«B appears to promote cell proliferation and survival of
mammary epithelial cells in culture (34, 58, 59) and develop-
ment of the normal mammary gland (8, 10, 14). Thus, we
hypothesized that c-Rel activation could contribute to tumor
cell growth and survival through the induction of a number of
NF-«kB target genes, including regulators of cell cycle, prolif-
eration, and survival (reviewed in references 33 and 47). The
cyclin D1 promoter, which contains several kB elements, can
be activated by classical NF-kB (25, 26), although a more
recent study has found Bcl-3/p52-mediated activation of the
cyclin D1 promoter more potent (65). Here, we demonstrate
the ability of c-Rel/p52 and c-Rel/p50 complexes to induce the
cyclin D1 promoter. Female mice null for the cyclin D1 gene
fail to develop normal mammary glands (18, 54). Overexpres-
sion of cyclin D1 has been implicated in breast cancer in
humans and in rodent models (reviewed in reference 32). Im-
portantly, MMTV-cyclin D1 mice develop mammary cancers
(64), and an increase in levels of cyclin D1 was seen in mam-
mary tumors that develop in mice with enforced expression of
Neu or Ras (68). Female mice deficient for cyclin D1 are
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totally resistant to breast cancers induced by Neu and Ras, but
not to those induced by Myc and Wnt-1 (68). Interestingly,
several groups, including our own, have shown that activated
Neu and Ras induce functional NF-kB in mammary and liver
epithelial and fibroblast cells (4, 19, 45, 69). The human and
mouse c-myc promoters have been shown to be targets of
NF-«kB complexes, including those containing c-Rel, in breast
epithelial and other cell types (17, 31, 34, 39, 40). The c-myc
gene is overexpressed in breast neoplasia samples from pa-
tients (reviewed in reference 41). Targeted c-myc expression in
the mammary gland of mice using either the MMTV-LTR or
the whey acidic protein promoter leads to mammary tumor
development (53, 61). The promoter of the bcl-xl cell death
antagonist gene is regulated by p50-p65- or p50—c-Rel-contain-
ing complexes (13, 70). In the present study, we observed that
many of the MMTV-c-rel tumors display elevated levels of
expression of cyclin D1, bel-xl, and c-myc RNA. No correlation
was noted between tumor latency and cyclin D1 levels; while,
some correlation was seen with c-myc mRNA levels, although,
tumors numbers were too low to draw any firm conclusions.
Change in expression profiles of these transcripts were also
observed in normal mammary glands of transgenic mice, start-
ing the first cycle of gestation. Transfection analysis suggested
that the genes encoding cyclin D1, p52 and p50 are c-Rel
targets. These findings are consistent with a direct role of c-Rel
in the events leading to mammary gland tumorigenesis in the
MMTV-c-rel mice.

Aberrant activation of nuclear NF-kB/Rel has been found to
correlate with oncogenesis in several other systems, including
thyroid carcinoma, non-small cell lung carcinoma, colon carci-
noma, ovarian carcinoma, prostate cancer (62), Hodgkin’s
disease (6), and various types of lymphomas (reviewed in ref-
erence 47). In hematopoietic tumors, amplification, overex-
pression, or rearrangement of the c-rel, nf-kb1, nf-kb2, or relA
genes or the bcl-3 gene; and mutations inactivating the IkB-a
protein have been noted (reviewed in reference 47). Therefore,
increased activation of NF-kB can occur by multiple mecha-
nisms in tumor cells. Similarly, in breast cancer cells, multiple
mechanisms that lead to aberrant activation of NF-kB have
also been described. We observed that many human breast
tumor specimens and cell lines in culture display constitutive
IKK and protein kinase CK2 activity, which correlated with
elevated levels of NF-kB binding activity (50). Products of
several oncogenes induce NF-«kB activity in mammary epithe-
lial cells, such as Her-2/neu (45, 69). Presumably these onco-
genes require downstream effectors that activate either an IkB
kinase or CK2, thereby increasing the rate of IkB turnover, and
basal NF-kB nuclear translocation and binding to the DNA.
Recently, we have demonstrated that activation of NF-kB by
Her-2 can be reduced upon inhibition of CK2 (49). Interest-
ingly, in vitro studies have suggested that Her-2/neu, Ras, and
Raf preferentially induce classical pSO/RelA complexes (4, 19,
45, 69). The late-onset of tumor development and the variety in
the tumor histological patterns in MMTV—c-rel mice implies
the requirement of additional pathways in the mammary gland
tumorigenesis, in addition to overexpression of c-Rel. This
phenotype is very reminiscent of the MMTV-CK2a subunit
transgenic mice, which we have described recently (38). These
mice developed late-onset mammary carcinomas of heteroge-
neous histological profiles. Consistent with the biological prop-
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erties of CK2, the MMTV-CK2 tumors expressed high levels of
NF-«kB activity, c-Myc, and activated B-catenin (38). Alto-
gether, our findings indicate that cellular c-Rel is able to trans-
form mammal epithelial cells in vivo and thus represents a
potential therapeutic target.
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Abstract

Aberrant activation of NF-«kB transcription factors has been implicated in the pathogenesis of
breast cancer. We previously demonstrated elevated activity of IKKa, IKK[3 and protein kinase
CK2 in primary human breast cancer specimens and in cultured cells. A novel inducible IKK
protein termed IKK-i/IKKe has been characterized as a potential NF-kB activator. Here we
provide evidence that implicates IKK-1/IKKze in the pathogenesis of breast cancer. We
demonstrate IKK-i/IKKe expression in primary human breast cancer specimens and carcinogen-
induced mouse mammary tumors. Multiple breast cancer cell lines showed higher levels of IKK-
1/IKKe and kinase activity compared to untransformed MCF-10F breast epithelial cells.
Interestingly, IKK-i/IKKe expression correlated with CK2a expression in mammary glands and
breast tumors derived from MMTV-CK2a transgenic mice. Ectopic CK2 expression in
untransformed cells led to increased IKK-i/IKKe mRNA and protein levels. Inhibition of CK2a
via the pharmacological inhibitor apigenin or upon transfection of a CK2 kinase inactive subunit
reduced IKK-i/IKKze levels. Expression of a kinase inactive IKK-1/IKKe mutant in breast cancer
cells reduced NF-kB activity as judged by transfection assays of reporters driven either by NF-
kB elements or the promoters of two NF-kB target genes, cyclinD1 and relB. Importantly, the
kinase inactive IKK-i/IKKe mutant reduced the endogenous levels of these genes as well as the
ability of breast cancer cells to grow in soft agar or form invasive colonies in matrigel. Thus,
CK2 induces functional IKK-1/IKKeg, which is an important mediator of the activation of NF-kB

that plays a critical role in the pathogenesis of breast cancer.



Introduction

Nuclear Factor (NF)-xB/Rel is a family of dimeric transcription factors distinguished by
the presence of a 300 amino acid region, termed the Rel homology domain, which determines
much of its function (1). Classical NF-xB is a heterodimer composed of a RelA (p65) and a p50
subunit. In most cells, NF-kB/Rel proteins are sequestered in the cytoplasm bound to the specific
IkB inhibitory proteins, of which IkB-a is the paradigm. While the v-re/ gene, carried by the
highly oncogenic avian reticuloendotheliosis virus strain T (Rev-T) is able to cause tumors in
birds, the role of NF-kB in mammalian cancers was less clear for many years (2), although
several oncogenic mammalian viruses were shown to activate NF-kB. For example, the product
of the tax gene of the HTLV-1 virus activates NF-xB (3), which we showed mediates
transactivation of the c-myc promoter (4, 5). Recently, we and others have demonstrated a role
for NF-kB/Rel factors in breast cancer (6, 7). High levels of nuclear NF-kB/Rel were found in
human breast tumor cell lines, carcinogen-transformed mammary epithelial cells, and the
majority of primary human or rodent breast tumor tissue samples. In contrast, untransformed
breast epithelial cells and normal rat mammary glands contained low basal levels (6, 7).

The increased NF-kB/Rel activity in tumor cells has been correlated with a decrease in
stability of IxB proteins, in particular of IkB-o, which permits the released NF-kB subunits to
translocate into the nucleus (8). To begin to elucidate the mechanism of this increased turnover,
we recently characterized the activity of several kinases implicated in IkB-o. turnover. Breast
cancer specimens and tumor cells displayed higher levels of activity of either the IxkB kinase
IKKa or IKK proteins or of the serine/threonine protein kinase CK2 (9, 10). Phosphorylation of
IkB-a at two serine residues (Ser32 and Ser36) by IKKa or IKK[3, which are present in a large

IKK complex containing multiple copies of a regulatory subunit NEMO/IKKYy (11, 12 ), leads to



IkB-o ubiquination and subsequent proteasome-mediated degradation in the canonical NF-xB
induction pathway. In addition to the N-terminal phosphorylation of IxB-a., it has been shown
that C-terminal phosphorylation via CK2 within the C-terminal PEST [Ser-283, Ser-289, T-291
and Ser-293] domain of IkB-a also affects its stability (13, 14). CK2 is a ubiquitously expressed
tetrameric protein kinase containing two catalytic (o/a, o’/a or o.’/a’) and two regulatory (B/B)
subunits (15, 16). Recent evidence suggests that CK2 activity can be altered by cellular stress,
including UV irradiation (17, 18). CK2-mediated phosphorylation of [kB-a has been implicated
in basal and signal-independent turnover of IxB-o (13, 19-21). These findings have implicated
CK2 in control of intrinsic IkB-a stability and thus activation of NF-kB. Importantly, we
showed that CK2 levels are elevated in primary human breast cancer specimens as well as in
established cell lines with elevated NF-xB activity (9, 10, 22, 23).

A recently discovered inducible IKK protein also leads to IikB-a phosphorylation and
NF-xB activation. Initially isolated from mice and termed IKK-i, it is also known as IKKg in
humans (24, 25). IKK-1/IKKe is part of an independent complex containing TANK and TRAF
(26). Tank Binding Kinase, TBK-1, which is highly homologous to IKK-i/IKKg, binds to TANK
and TRAF and may form an alternative IKK complex consisting of IKK-i/IKKe and TBK-1 (27).
IKK-1/IKKze appears to specifically phosphorylate IxB-o at Ser36 (24, 25). While the
significance of only one phosphorylation event at the N-terminus of IkB-a is not yet entirely
clear, it may pre-dispose [kB-a towards Ser32 phosphorylation and subsequent degradation (25).
Furthermore, IKK-i/IKKe directly phosphorylates transcription factors (26), including NF-
kB/Rel factors (28, 29). Given the aberrant activation of NF-kB in malignancies, we investigated

the role of IKK-1/IKKze¢ in breast cancer. Here, we demonstrate, for the first time, IKK-1/IKKeg



induction in primary human breast cancers, rodent mammary tumors and cell lines in culture.
Furthermore, we implicate CK2 in the elevated IKK-i/IKKe levels and show a link between

IKK-1/IKKe and activation of NF-xB in breast cancer.

MATERIALS AND METHODS

Human breast cancer specimen analysis. Primary human breast cancer tissue
specimens were obtained from patients undergoing surgery for treatment of breast cancer with
approval of the Institutional Review Board of Boston Medical Center and have previously been
described (30).

Transgenic mice. Creation of the transgenic MMTV-c-re/ and MMTV-CK2 transgenic
was previously described (22, 30). Breeding of MMTV-CK2 mice and MMTV-c-rel mice
created bi-transgenic MMTV-CK2 X c-rel/ mice. Mice were housed in a 2-way barrier at the
Boston University School of Medicine Transgenic mouse facility in accordance with the
regulations of the American Association for the Accreditation of Laboratory Animal Care. Wild
type mice used in the study were age- and pregnancy-matched. All tissues were frozen
immediately after extraction in liquid nitrogen and stored at —80°C.

Carcinogen treatment of mice. Twenty virgin female FVB/N mice, housed in a 2-way
barrier, were treated according to a protocol approved by the Boston University Institutional
Animal Care and Use Committee. Mice were each given six weekly 1.0 mg doses of 7,12-
dimethylbenz(a)anthracene (DMBA) in 0.2 ml of sesame oil by oral gavage, beginning at 5
weeks of age. Mice were then mated continuously to provide an oscillating hormonal
environment and followed until either tumors developed or the mice died. By 34 weeks of age

(29 weeks after beginning DMBA treatment), all mice had developed tumors. Mice bearing



tumors >0.5 cm were euthanized by CO, inhalation and necropsied. Mammary tumors and
grossly normal mammary glands from parous age-matched control FVB mice were excised and
frozen on dry ice and stored at —80°C. Whole cell protein extracts were prepared by
homogenizing frozen tumors or mammary gland specimens in lysis buffer containing a cocktail
of protease inhibitors (50mM Tris-HCI pH 8.0, 1% Nonidet P-40, 125mM NaCl, 1mM NaF,
ImM phenylmethylsulfonyl fluoride (PMSF), 1 png/ml aprotinin, 1 pg/ml pepstatin, 1 pg/ml
leupeptin, 1 mM Na3V0O4, and 10 mM sodium pyrophosphate).

Cell culture and treatment conditions. Hs578T, and MDA-MB-231 breast cancer cell
lines were grown in standard culture medium, as described by the American Tissue Culture
Collection. MCF-10F and D3-1, a DMBA-transformed MCF-10F derivative (31), were cultured
as described (9). The MMTV-Her2/neu NF639 cell line was derived from mammary tumors
expressing Her2/neu and cultured as previously described (32). Human HEK293T endothelial
derived kidney cells were cultured in DMEM supplemented with 10% FBS (Invitrogen). NIH
3T3 fibroblast cell lines were cultured as described (10). Where indicated, cells were incubated
with 25 or 50 uM apigenin (Sigma) dissolved in DMSO or treated with vehicle DMSO alone.

Plasmids and transfection analyses. The pPCDNA3-FLAG-IKK¢e and pCDNA3-FLAG-
IKKe K38A vectors expressing IKKe and kinase inactive IKKe, respectively, were a kind gift of
T. Maniatis (Harvard University, Cambridge MA) (24). The pRC/CMV-HA-CK2a’, pPRC/CMV-
HA CK2a K68A and pRC/CMV-myc-CK2p vectors were provided by D. Litchfield (University
of Western Ontario, Canada (33)). To evaluate NF-kB activity, 2-copy wild type or mutant NF-
kB element-thymidine kinase promoter-chloramphenical acetyl transferase (CAT) reporter
vectors (E8-CAT and mut-E8-CAT, respectively) (5) or a 6-copy NF-kB-element driven

luciferase reporter construct, kindly provided by G. Rawadi (Hoechst-Marion-Roussel,



Romainville, France) (34) were used. NF-kB-driven promoter constructs used include: 1) cyclin
D1 promoter: containing WT (-66 wt-Luc) or mutant (-66 mut-Luc) NF-kB elements (kind gift
of R.G. Pestell, Lombardi Comprehensive Cancer Center, Washington DC) (30, 35); 2) relB
promoter: containing WT (p1.7 relB) or mutant (p /.7 mut-relB) versions of the two NF-kB
elements, prepared as described previously (36). For transfection into six well or P100 plates, 4
png or 10 pg total DNA, respectively were transfected per sample. For transient transfection into
Hs578T and MDA-MB 231 cells, cells were incubated for 16-24 hours with DNA and
GenePorter2 (Gene Therapy Systems). Transfections into MCF-10F, D3-1 and NF639 cell lines,
were performed by incubating for 16 hours in the presence of DNA and Fugene 6 Transfection
Reagent (Roche). The calcium phosphate method of transfection (37) was used with HEK293T
cells. CAT and luciferase assays were performed as described in (6) and (30), respectively. Co-
transfection of an SV40--galactosidase (SV40-p-gal) expression vector was used to normalize
for transfection efficiency, as described (9). Where indicated, standard deviation (S.D.) was
calculated and significance determined using the Student t-test (*p<0.05, **p<0.01,
**%p<0.005).

Immunoblotting. Cytoplasmic protein extracts were prepared in RSB buffer (10 mM
Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl,, 0.5% Nonidet P-40) or TKM buffer (10 mM Tris [pH
7.6], 10 mM KCI, 5 mM MgCl,, 0.2% NP-40), where indicated. Nuclear extracts were prepared
in DR buffer (20 mM HEPES [pH 7.9], 420 mM KCl, 1.5 mM MgCl,, 0.2 mM EDTA, 20%
glycerol) or RIPA buffer (50 mM Tris [pH 7.6], 150 mM NacCl, 1% Nonidet P-40, 0.1% SDS, 5
mM EDTA and 1% sodium sarcosyl). Whole cell extracts (WCEs) were prepared in RIPA buffer
or in kinase lysis buffer (20 mM Tris-HCI [7.6], 150 mM NaCl). Protease and phosphatase

inhibitors were added to each protein preparation (10 mM NaF, 25 mM [-glycerophosphate, p-



nitrophenyl phosphate, 1 mM Na3;VO,, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 5 png/ml leupeptin). Protein concentration was determined by Lowry assay using the
Bio-Rad reagent (Bio-Rad). WCEs for reporter assays were prepared in 1X reporter lysis buffer
(Promega).

Antibodies IKK-1/IKKe antibodies (sc-9913, sc-5694), IkB-a (sc-203), [kB-p3 (sc-945),
and HA (sc-805) were purchased from Santa Cruz. Antibodies against IkB-¢ and c-Myc were a
gift from N. Rice and M. Ernst (NCI, Fredrick MD) and S. Hann (Vanderbilt University,
Nashville TN), respectively. Competition assays for IKK-1/IKKe were performed using 2 pg
cognate peptide (sc-9913 P). Antibodies against cyclin D1 (06-137) were purchased from
Upstate Biotechnology. FLAG (F-4042) and B-actin (AC-15) antibodies were purchased from
Sigma.

IKK-i/IKKge kinase assay. Protein extracts and immunoprecipitations were performed as
previously described (9, 10). Briefly, 300 pg (in 500 pl kinase lysis buffer) WCEs were
precleared with protein A/G agarose Plus beads (Santa Cruz) and bovine anti-goat HRP
secondary antibody (Santa Cruz) for 1 hour at 4°C prior to the addition of 2 pg of IKK-1/IKKg
antibody (sc-9913). WCEs were split into three aliquots. One third was used for a kinase assay
with GST-IkB-a as a substrate, one third for a kinase assay with GST-2N-IkB-a containing
S32A and S36A mutations. All kinase assays were performed as described (9). The remaining
one-third of immunoprecipitated proteins were subject to immunoblot analysis for IKK-i/IKKe
using an antibody directed to a different epitope (sc-5694, K-14).

RT-PCR. RNA was isolated using Trizol (Invitrogen) reagent according to the
manufacturer’s protocol and was quantified by measuring Aseo. The Aze0:Azso ratios were

between 1.8 and 2. RNA samples were prepared as described (30). PCR were performed in a



Thermal Cycler (MJ Research) for 32 cycles under these conditions: 94°C for 60 sec, 57°C for
45 sec and 72°C for 55 sec. Primer pairs for PCR were as follows: ikk-i/ikke (Forward, nucleic
acid position 504) 5’-CGGAAGCTGAACCACCAGAA-3’ and (Reverse, 976) 5°-
CCAGTGGCTGCATGGTACAA-3’; hmgbl (Forward, 725) 5°-
AGGAGGATGAAGAGGAATGAG-3’ and (Reverse, 1025) 5°-
GACTGTACCAGGCAAGGTTA-3’; f-actin (Forward, 516) 5°-
CACTGGCATCGTGATGGACT-3’ and (Reverse, 923) 5’-CGGATGTCCACGTCACACTT-3".

Soft agar transformation assay. Stable Hs578T breast cancer cells were plated at 5 x
10° cells/ml in 0.35% top agarose (SeaPlaque Agarose, FMC Bioproducts, Rockland, ME) with a
base agarose of 0.7% supplemented with complete medium and 1 mg/ml G418 (Sigma). Plates
were subsequently incubated for 16 days in humidified incubator at 37°C. Cells were stained
with 0.5 ml of 0.0005% crystal violet, and colonies were counted visually under 8X
magnification.

Matrigel invasion assay. Matrigel (BD Biosciences) was diluted to a working
concentration of 6.3 mg/ml. For matrigel assays, 200 pl of Matrigel was added into a 24-well
tissue culture plate and incubated at 37°C for 30 minutes. A single cell suspension of NF639
cells (5 x 10’ cells/ml) in serum free medium (DMEM) was made by passing the cell suspension
5 times through a 21.5 gauge needle. Ten pl (5000 cells) was mixed with 190 pl of Matrigel and
plated onto the solidified bottom layer. Complete medium was added and the plate incubated at

37°C for 3 to 6 days and photographed.



RESULTS

IKK-i/IKKE is expressed in primary human breast cancer specimens. To begin to assess
the role of IKK-1/IKKeg in breast cancer, cytoplasmic extracts from six human breast cancer
tissue specimens were analyzed for expression of IKK-i/IKKe. A band of the appropriate
molecular weight for IKK-i/IKKe (80 kDa) was seen in 4 of the 6 samples (Fig. 1A, left panel).
Analysis of B-actin levels confirmed that loading was essentially equivalent. To verify the
specificity, a duplicate blot was subjected to immunoblotting in the presence of 2 ug of cognate
peptide (Fig. 1A, right panel). Detection of the 80 kDa band was completely eliminated with the
addition of the peptide. Several lower molecular weight bands were detected, and these were also
eliminated upon addition of the cognate peptide; therefore, they likely represent IKK-1/IKKe
degradation products (data not shown). These findings indicate that IKK-1/IKKe is indeed
expressed in multiple primary breast cancer specimens.

IKK-i/IKKg¢ is expressed in DMBA-induced mammary tumors and in human breast
cancer cell lines. We next tested extracts isolated from mammary tumors induced in female
FVB mice by treatment with DMBA, which were primarily squamous cell carcinomas (SSC),
with other tumors including a spindle cell carcinoma (SPC) and a microacinar tumor (MAC).!
WCEs isolated from 7 mammary tumors as well as from the normal mammary glands from 3
age-matched parous FVB female control mice (FVB 4, FVB7, FVBS) were subjected to
immunoblotting for expression of IKK-1/IKKe. Six of the seven tumors showed substantially

elevated levels of IKK-i/IKKe compared to the mammary glands of non-treated control mice

!Nicolas Currier, Sandra E Solomon, Elizabeth G Demicco, Donny L F Chang, Marganit Farago, Haoqiang Ying,
Isabel Dominguez, Gail E Sonenshein, Robert D Cardiff, Zhi J Xiao, David H Sherr, David C Seldin, Oncogenic
signaling pathways activated in DMBA-induced mouse mammary tumors.
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(Fig. 1B). Thus, IKK-i/IKK¢ expression is increased in many carcinogen-induced mouse
mammary tumors.

To further characterize IKK-i/IKKze in breast cancer, we turned to human cell lines in
culture. WCEs were prepared from the untransformed breast epithelial MCF-10F cell line and its
DMBA-induced derivative line D3-1 (31) along with the breast cancer cell lines MDA-MB 231
and Hs578T, and subjected to immunoblot analysis for IKK-i/IKKe (Fig. 1C). A higher level of
IKK-1/IKK¢e expression was observed in MDA-MB-231, Hs578T, and D3-1 cells compared to
MCF-10F cells. MDA-MB 468 and T47D cells also displayed elevated IKK-1/IKKe levels (data
not shown). To measure IKK-1/IKKeg kinase activity, IKK-1/IKKe was immunoprecipitated from
extracts prepared from MCF-10F, D3-1 and Hs578T cells and subjected to a kinase assay using
as substrate either GST-WT-IkB-a or a mutant GST-2N-IkB-a protein (with phosphorylation
sites Ser32 and Ser36 mutated to alanines) (Fig. 1D). Of the two transformed cell lines, Hs578T
exhibited a higher level of IKK-1/IKKeg activity than the D3-1 transformed cells; although, they
appeared to contain almost equal levels of protein as judged by immunoblotting (Fig. 1D). Little
or no IKK-1/IKKe activity was detectable in the MCF-10F cells, which also contained a much
lower level of IKK-1/IKKeg kinase protein (Fig. 1C and 1D). Thus, breast cancer cell lines contain
an elevated level of IKK-i/IKKze.

IKK-i/IKKEe expression is elevated in CK2a-expressing transgenic murine
mammary tumors and glands. We next sought to determine whether mammary tumors in
transgenic mice display elevated levels of IKK-i/IKKe, and selected the following mouse
models: MMTV-CK2a, expressing the catalytic subunit of CK2, and the MMTV-c-rel,

expressing the c-Rel NF-kB subunit. Approximately 30% of female MMTV-CK2a transgenic
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mice developed a variety of mammary tumors at a median age of 23 months (22) and 31.6% of
female MMTV-c-rel mouse developed one or more tumors at an average age of 19.9 months
(30). Cytoplasmic extracts from mammary glands of age and pregnancy matched wild type (WT)
mice were compared to those from tumors and histologically normal mammary glands of
transgenic MMTV-CK2a (Fig. 2A) and MMTV-c-rel mice (Fig. 2B). Expression of IKK-
1/IKKe protein was extremely low in the extracts from mammary glands of WT control animals.
The MMTV-CK2a mouse tumor (7367T) displayed substantially higher levels than the WT-1
and WT-2 mouse mammary gland (Fig. 2A), while 4 of 5 tumors derived from MMTV-c-re/
displayed a higher level of IKK-i/IKKe protein compared to the mammary glands of these two
WT mice (Fig. 2B). As control for protein loading, the gel was stained with Coomassie, which
indicated essentially equal loading. Interestingly, we noted that the histologically normal
mammary glands of the MMTV-CK2a mice all appeared to contain substantial levels of IKK-
1/IKKe as compared to the mammary glands of WT animals, whereas low levels were present in
the histologically normal glands of the MMTV-c-rel transgenic mouse.

We have recently prepared a bitransgenic MMTV-CK2 x MMTV-c-re/ mice, which
exhibited approximately 50% incidence of breast tumor formation with the average age at onset
of 20.8 months (S. Guo, unpublished observations). Histologically normal mammary glands of
bitransgenic MMTV-CK2a x MMTV-c-rel mice were removed from the three animals that
developed tumors and the levels of IKK-i/IKKg protein compared (Fig. 2C). Substantial IKK-
1/IKKe expression was detected in cytoplasmic extracts of histologically normal mammary
glands from these mice. The tumors from the same animal displayed somewhat higher IKK-
1/IKKe levels. These findings are similar to the data obtained with the MMTV-CK2a mice, and

suggest a role for CK2 in the induction of IKK-i/IKK¢g expression.
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Ectopic CK2 elevates IKK-i/IKKe levels in NIH 3T3 fibroblasts, MCF-10F breast
epithelial and HEK293T cells. To investigate the ability of CK2 to increase IKK-1/IKKeg levels,
isolated clones of CK2a stable lines (termed Clone 5 and Clone 6) in NIH 3T3 cells (10) were
analyzed for expression IKK-1/IKKe compared to control NIH 3T3 cells (Fig. 3A, left panel).
Higher levels of IKK-i/IKKe were seen in Clone 5 and Clone 6 as compared with the clones
infected with the pBABE control viral vector. To examine the effects of ectopic CK2 expression
in breast epithelial cells, MCF-10F cells, which have low levels of CK2 activity (9) and IKK-
1/IKKe expression (Fig. 1B), were transiently transfected with vectors expressing HA-CK2a’
and myc-CK2p, or parental empty expression vectors, as control. IKK-1/IKKe expression was
increased compared to control MCF-10F cells transfected with empty vector DNA (Fig. 3A,
right panel).

To further investigate the ability of CK2a to increase IKK-1/IKKeg levels, cultures of
HEK?293T cells were transfected with vectors expressing either the catalytic CK2a’ subunit as a
HA-tagged protein (pRc/CMV-HA-CK2a’) or the regulatory subunit CK2[3 as a c-Myc-epitope
tagged protein (pRc/CMV-myc-CK2p), or a combination of both vectors. WCEs were subjected
to immunoblotting for IKK-1/IKKg, and for the expression of the transfected CK2 subunits (Fig.
3B). Expression of either CK2 subunit alone or in combination led to a substantial increase in
IKK-1/IKK¢ levels.

To assess whether CK2 acted at a pre-translational level to increase IKK-i/IKKe
expression, semi-quantitative RT-PCR was performed using total RNA isolated from the
HEK293T cells transfected as above (Fig. 3C). As a positive control, cells were transfected with

a vector expressing IKK-i/IKKe. Ectopic expression of either CK2 subunit led to a substantial
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induction of ikk-i/ikke mRNA levels, while analysis of smgb 1, which has been associated with
estrogen responsive breast cancer (38-41), and f-actin showed no differential expression (Fig.
3C). These data strongly suggest a role for CK2 in the induction of IKK-i/IKKze.

Inhibition of CK2 activity decreases IKK-i/IKKe levels in breast cancer cells. As an
initial test of the effects of CK2 on IKK-1/IKKeg expression, breast cancer cells, which display
high CK2 activity (9), were treated with apigenin, a selective inhibitor of CK2. Hs578T cells
were incubated for 6 hours in the presence of either 25 or 50 uM apigenin or with an equal
volume of carrier DMSO. RNA was isolated and subjected to semi-quantitative RT-PCR (Fig.
4A). As compared to control cells treated with DMSO, ikk-i/ikke mRNA expression decreased
by 2.5-fold at 25 uM apigenin and by 2.9-fold with 50 uM apigenin (Fig. 4A) compared to the /-
actin controls. Furthermore, treatment of Hs578T or D3-1or MDA-MB 231 breast cancer cells
with 50 uM or 25 uM apigenin for 6 hours resulted in substantial decreases in IKK-1/IKKg
protein levels (Fig. 4B). Since pharmacologic inhibitors may also affect other kinases, a vector
expressing a kinase-inactive CK2a subunit, which functions as a competitive inhibitor with
endogenous CK2a, was used (10, 33). Hs578T and D3-1 breast cancer cells were transfected
with a vector expressing HA-tagged kinase inactive CK2a K68A or an empty vector control
DNA, and cytoplasmic extracts analyzed. Hs578T and D3-1 cells expressing the kinase inactive
CK2a K68A displayed lower levels of IKK-i/IKKe compared to control cells (Fig. 4C). Similar
results were obtained using kinase inactive CK20” K69A (data not shown). These findings
indicate that CK2 activity induces expression of IKK-1/IKKe in breast cancer cells.

IKK-i/IKKEe controls IxB-a turnover and NF-kB activity in breast cancer cells.

Previous studies demonstrated IKK-i/IKKe phosphorylates IkB-a on Ser36 (24, 25). To
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determine the in vivo effects of IKK-i1/IKKe on steady state levels of IkB proteins in HEK293T
cells, pPCDNA3-FLAG-IKKe expression vector (IKKeg) or empty vector pPCDNA3 DNA (EV)
were transfected into HEK293T cells. Cytoplasmic extracts, prepared 48 hours post transfection,
were assessed for [kB proteins by immunoblotting. Ectopic IKK-1/IKKe expression caused a
dramatic reduction in the total amount of cytoplasmic IkB-a (Fig. SA). Only a modest drop in
IkB-p levels was detected and no effect was seen on levels of IkB-g. Furthermore, ectopic IKK-
1/IKKe expression in HEK293T cells induced functional NF-xB activity as judged by NF-«xB
element driven reporter constructs (data not shown).

To verify a functional role of IKK-i/IKKeg in regulation of NF-«xB in breast cancer, a
kinase inactive IKK-1/IKKe (IKKe K38A) was used, which serves as a dominant negative for
IKK-i/IKKe activity. Her-2/neu receptor-driven mouse mammary tumor NF639 cells were used
since CK2 activity in these cells had previously been implicated in the induction of NF-kB (10).
NF639 cells were co-transfected with IKKe K38A expression vector or empty parental vector
pCDNA3 in the presence of either ES-CAT or mut-E8-CAT, driven by wild type or mutant NF-
kB sites, respectively. IKKe K38A caused a nearly 2-fold reduction in NF-«B activity (Fig. 5B,
left panel). Confirmation of transfection was performed by immunoblotting for IKK-1/IKKe (data
not shown). We next assessed the effects in Hs578T breast cancer cells of an increasing dose of
the IKKe K38A expression on E8-CAT and mut-E8-CAT promoter activity (Fig. 5C).
Expression of the kinase inactive IKK-1/IKKe resulted in a dose-dependent reduction of NF-xB
activity. At the highest dose of IKKe K38A a nearly 5-fold reduction of E§-CAT activity was
seen at 2 ug of IKKe K38A (p<0.005), reducing the activity of the WT ES-CAT almost to basal

reporter activity seen with the mut-E8-CAT. Using a monoclonal FLAG-specific antibody in
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immunoblot analysis of the remaining extracts confirmed the expression of IKKe K38A.
Furthermore, when these extracts were analyzed for levels of IkB-o and [kB-J3, a dramatic
increase in the levels of IkB-a was observed with increasing doses of IKKe K38A. In contrast,
no change was detected in levels of IkB-f3 (Fig. 5D). These results demonstrate IKK-1/IKKg
plays a role in the constitutive activation of NF-kB in breast cancer cells and suggest IkB-a. is
the preferential IkB target.

IKKe K38A reduces activity of NF-xB-driven cyclin D1 and relB promoters in
breast cancer cells. To test the effects of the kinase inactive IKK-1/IKKeg on natural promoters
that are driven by NF-kB elements, co-transfection analysis was performed using the cyclin D1
and relB promoters, which are each driven by two NF-kB elements (35, 36). Co-transfection of
the kinase inactive IKKe K38A vector in Hs578T breast cancer cells resulted in a dose-
dependent decrease in activity of the wild type cyclin DI luciferase reporter construct (-66 wt-
Luc), whereas the mutant version (—66 mut-Luc) was largely unaffected (Fig. 6A). Similarly co-
transfection of IKKe K38A with p1.7 relB-Luc relB promoter reporter construct, containing two
WT NF-«B sites, reduced luciferase activity to that seen with a mutant construct, p1.7 mut-relB-
Luc, containing mutations in the two identified NF-kB elements (Fig 6B). To ensure the effects
were not cell type specific, D3-1 cells and MDA-MB 231 breast cancer cells were similarly co-
transfected with either IKKe K38A or pPCDNAJ3 in the presence of the WT pl.7 relB-Luc relB
promoter construct (Fig. 6C). The kinase inactive IKK-i/IKKe caused a decrease in re/B
promoter activity in these two lines.

Next, we assessed whether inhibition of IKK-1/IKKeg affects endogenous NF-kB driven

gene expression. Hs578T cells were transiently transfected with IKKe K38A or parental vector.
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Nuclear and cytoplasmic extracts were subjected to immunoblot analysis. Inhibition of IKK-
1/IKKe led to reduced RelB and cyclin D1 expression (Fig. 6D). Similar results were obtained in
D3-1 cells (Fig. 6D). Thus, IKK-i/IKKe plays an important role in control of functional NF-xB
activity and its downstream targets in breast cancer cells.

IKKe K38A reduces breast cancer cell growth in soft agar and colony formation in
matrigel. Since the aberrant expression of NF-kB cancer cells has been implicated in promoting
anchorage independent growth (10, 42), Hs578T cells stably expressing IKKe K38A or
pCDNA3 were used to assess the functional role of IKK-1/IKK-¢ in this measure of transformed
phenotype. Western blotting and reporter assays confirmed the presence of IKKe K38A and the
ability of IKKe K38A stably expressing cells to reduce NF-«B driven reporters (data not shown).
Cells were plated, in triplicate, and assayed for their ability to grow in soft agar. As seen in
Figure 6E, expression of IKKe K38A resulted in a dramatic reduction in colony number, as
judged by counting using a dissecting microscope. These data indicate that the induction of IKK-
1/IKKe in breast cancer cells promotes transformed phenotype.

Lastly, we created stably expressing IKKe K38A NF639 cell lines to perform qualitative
Matrigel invasion assays. Cells expressing pPCDNA3 grow invasively in Matrigel whereas cells
stably expressing IKKe K38A show a much less invasive phenotype (Fig. 6F). Inhibition of
IKK-i/IKKe in these mammary cancer cells reduces invasiveness of Her-2/neu transformed

tumor cells.

Discussion
Here, we demonstrate for the first time the functional role of IKK-i/IKKze in the aberrant

activation of NF-kB in breast cancer and implicate CK2 in the induction of IKK-i/IKKe mRNA
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and protein levels. IKK-i/IKKe expression was detected in primary human breast tumor
specimens and cell lines, and in mammary tumors induced by DMBA treatment or that appeared
in MMTV-CK20 and MMTV-c-rel transgenic animals and in MMTV-CK2a x MMTV-c-re/
bitransgenic mice. We noted that histologically normal mammary glands of MMTV-CK2a and
MMTV-CK2a x MMTV-c-rel bitransgenic mice also displayed high levels of IKK-1/IKKeg
expression, whereas mammary glands from MMTV-c-rel transgenic mice did not, suggesting a
role for CK2 activity in regulation of IKK-i/IKKe. Of interest, elevated CK2a expression was
seen in mammary tumors from DMBA-treated mice compared to the normal mammary glands of
parous untreated control animals'. Ectopic expression of CK2 subunits induced IKK-i/IKKe
levels. Conversely, inhibition of CK2 in breast cancer lines reduced endogenous IKK-i/IKKe
levels. Previous studies from our lab have shown that a hallmark of breast cancer is the aberrant
activation of NF-kB, which promotes tumor cell survival, growth and transformed phenotype (6,
10, 43). Consistent with these observations, inhibition of IKK-i/IKKe reduced the ability of
breast cancer cells to grow in soft agar and form colonies in Matrigel. Thus, our findings
implicate the induction of IKK-1/IKKe by CK2 as a new signaling pathway in the activation of
NF-kB, and identify IKK-i/IKK¢ as a potential new chemotherapeutic target.

IKK-1/IKKe was first identified as a murine IKK-like protein with approximately 30%
amino acid identity to IKKa and IKKJ in the kinase domain and expression inducible with LPS
treatment (25). Subsequently, the human form of IKK-i/IKKe was also identified, cloned and
shown to display a marked increase in activity, but not expression, upon treatment with the PKC
activator PMA (24). In our studies, a lack of strict correlation was noted in the level of detectable

protein compared to activity of IKK-i/IKKe in D3-1 and Hs578T cells, suggesting the possible
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role of additional activation steps. Because of the sequence similarities between IKK-i/IKKe and
IKKa and IKK, it was tested for its ability to phosphorylate IkB-a and found to specifically
phosphorylate serine 36 of IkB-a and not serine 32. It was is believed that the IKK-1/IKKeg
kinase makes up part of an alternate IKK complex that lead to NF-kB/Rel activation. Recent
studies have indicated that this complex does not play a role in toll-like receptor-mediated
induction of NF-kB that has been implicated in LPS signaling since LPS treatment activated NF-
«B/Rel in IKK-i"" MEFs (44). However, these findings do not rule out a role for IKK-1/IKKeg in
NF-kB signaling in other systems. Our data shows that IKK-i/IKKe plays a role in aberrant
constitutive NF-kB activation in breast cancer, suggesting that its activation may be organ or
signal specific.

Our results confirm the ability of IKK-i/IKKe to phosphorylate IkB-a in vitro, and we
also demonstrated its ability to regulate IkB-a levels and NF-«xB activity in cells in culture. In
contrast, the steady state levels of IkB-3 (and those of IkB-¢) were much less affected by ectopic
expression of IKKe or IKKe K38A in vivo; although, we have observed that IKK-1/IKKeg can
also phosphorylate IkB-f3 in vitro (data not shown). Overall, our findings suggest [kB-a is a
preferential in vivo IxB target of IKK-1/IKKe. Consistent with previous work (24), we observed
that the inhibition by IKKe K38A led to a decrease in activities of the NF-kB element driven
promoters cyclin D1 and relB. IKK-1/IKKe (in addition to other kinases) has recently been
reported as a kinase capable of phosphorylating the p65 NF-kB subunit at Ser536, which may
enhance its ability to bind to the IL-8 promoter (28). Thus, IKK-1/IKKe may act on multiple
levels to regulate NF-kB activity. Recent studies also showed that IKK-i/IKKe had the ability to

phosphorylate c-jun and affect downstream target genes, mmp-3 and mmp-13 (45), suggesting
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IKK-i/IKKeg involvement in multiple signaling pathways (25, 44-48). Of note, we have recently
shown that c-jun regulates relB expression (36), thus it is conceivable that IKK-i/IKKe may
work on multiple targets (NF-xB and AP-1) in regulating re/B gene expression in breast cancer.
Studies from our lab have shown that TGF-B1 treatment reduces NF-kB activity in breast
cancer cells (43). TGF-B1 treatment of NMuMG normal murine mammary epithelial cells leads
to a detectable suppression of basal IKK-1/IKKe mRNA expression by 1 hour, and to a nearly
complete suppression between 6-24 hours (49). Consistent with a role for CK2 in regulating
IKK-i/IKKze, hepatocytes treated with TGF-1 show reduced CK2 activity and stabilization of
IkB-a levels (50). Breast cancer cell lines and tumor specimens have been shown to express
elevated levels of CK2 (9, 10, 22, 23, 50). Taken together, these results suggest that IKK-1/[KKe
may be affected by TGF-1 treatment through its effects on CK2 activity, and suppression of
IKK-i/IKKe expression may further enhance IxB-a stability. Overall, our studies identify a novel

role for IKK-1/IKKe in NF-kB/Rel activation in breast cancer.
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Figure Legends

Figure 1. IKK-i/IKKze is expressed in breast cancer cells. 4, Cytoplasmic extracts were
prepared from the indicated human breast tumor specimens. Samples (50 pug) were used to
prepare duplicate blots, which were subjected to immunoblotting with 2 pg of antibody specific
for IKK-i/IKKe (Q-15, sc-9913) in the absence or presence of excess [2 ng] cognate IKK-1/IKKe
peptide, as specific competitor. One blot was stripped and reprobed with an antibody against [3-
actin to confirm loading. B, Samples of WCEs (50 pg) from DMBA-induced mouse mammary
tumors were subjected to immunoblotting for IKK-i/IKKe. Samples shown are all from a single
gel. Coomassie blue stain (Coom. Blue) was used to control for equal loading. C, Left panel,
Samples of WCEs (50 pg) prepared from human mammary epithelial cells MCF-10F, the
DMBA-transformed D3-1 cell line and MDA-MB 231 (MB 231) breast cancer cells were
subjected to immunoblotting for IKK-i/IKKe expression, and -actin to control for loading.
Right Panel, Whole cell extracts (25 pg) from MCF-10F, and Hs578T and MDA-MB 231 (MB
231) breast cancer cell lines were subjected to immunoblotting for IKK-1/IKKe and B-actin to
control for loading. D, WCEs were prepared in kinase assay lysis buffer and precleared with
Protein A/G Agarose beads and anti-goat secondary [gG HRP conjugated antibody. IKK-i/IKKe
complexes were immunoprecipitated from 300 pg of protein using an N-terminal derived
antibody. One third was used for a kinase assay on a GST-WT-IkB-a as substrate (KA), one
third for a kinase assay on a GST-2N-IkB-a as substrate (KA) and one third for western blotting

for IKK-i/IKKe (K-14, sc-5694, a C-terminal derived antibody) (IB). Immunoblotting of WCEs
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shows endogenous levels of IKK-i/IKKe from MCF10F, D3-1 and Hs578T cells and B-actin to
control for loading (WCE IB).

Figure 2. IKK-i/IKKe expression in mouse tumor models. Cytoplasmic extracts were
prepared from mammary glands of age-matched wild type (WT) mice and histologically normal
mammary glands from transgenic mice (N), and transgenic mouse tumor (T), as indicated.
Samples (50 pug) were subjected to immunoblotting for IKK-i/IKKe expression. Coomassie blue
(Coom. Blue) staining of duplicate gels was performed to confirm essentially equal loading. 4,
MMTV-CK2a transgenic mice; B, MMTV-c-rel transgenic mice; C, MMTV-CK2a X MMTV-
c-rel bi-transgenic mice.

Figure 3. Ectopic CK2 expression induces IKK-i/IKKe in NIH 3T3 fibroblasts, MCF-10F
breast epithelial and HEK293T cells. A, Left panel, Clones of NIH 3T3 cells infected with
either pPBABE-CK2a retrovirus expressing CK2a or a pPBABE-GFP vector (pBABE) were
isolated as described previously (10). WCEs (50 pg) were subjected to immunoblotting for either
IKK-i/IKKze or B-actin, which confirmed equal loading. Right panel, MCF-10F breast epithelial
cells were grown in P100 plates and transiently transfected with 10 pg pRc/CMV (EV) or 5 ug
pRc/CMV-HA-CK2a’ and 5 pg pRc/CMV-myc-CK2p (CK2a’/CK2B). WCEs were prepared
and samples (100 pg) immunoblotted for IKK-i/IKKe. Duplicate blots were probed for HA and
c-Myc to confirm expression of HA-CK2a’ and Myc-CK2f. B, Cultures of HEK293T cells (in 6
well P60 dishes) were transfected with 1 pg of pRC/CMV-HA-CK2a’ or pRC/CMV-myc-CK2f3
DNA alone or in combination and enough pCDNA3 (CMYV driven) vector to make a total of 2 ug
DNA. Protein extracts (50 pg) were subjected to immunoblot analysis for IKK-i/IKKe

expression. To confirm expression of CK20’ and CK2[3 the blot was stripped and re-probed with
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antibodies specific for HA and c-Myc, respectively. Equal loading was confirmed by probing the
blot with a B-actin antibody. C, HEK293T cells were transfected as above with pRC/CMV-HA-
CK2a’ or pRC/CMV-myc-CK23 DNA alone or in combination, or with 2 ug of pPCDNA3-
FLAG-IKKe expressing FLAG-tagged IKK-1/IKKe, as a positive control. RNA was prepared
using Trizol reagent. Samples (1 pg) were used for first strand cDNA synthesis, and a 2 ul
aliquot (total 50 pl) used to perform RT-PCR analysis for ikk-i/ikke, hmgbl and S-actin. Two
independent experiments were performed.

Figure 4. Inhibition of CK2 activity in breast cancer cells reduces IKK-i/IKKg expression.
A, Hs578T breast cancer cells were grown in 6 well plates and treated with 25 uM or 50 uM
apigenin for 6 hours. RNA was harvested using Trizol reagent. An RNA sample (1 pg) was used
for first strand synthesis and a 2 pl aliquot was used for RT-PCR analysis of ikk-i/ikke, along
with imgb1 and S-actin to control for loading. B, Hs578T, D3-1 and MDA-MB-231 breast
cancer cells were treated with apigenin for 6 hours at a concentration of 25 pM or 50 uM (as
indicated). WCEs were immunoblotted for IKK-i/IKKe expression. Blots were reprobed with a
B-actin antibody to confirm equal loading. C, Hs578T and D3-1 cells, grown in 6-well plates,
were transfected with 2 pg of either a kinase inactive HA-tagged CK2a construct (pRc/CMV-
HA-CK2a K68A, labeled CK2a KI) or empty parental vector. Cells were harvested 16-24 hours
post-transfection, lysed in RIPA buffer and samples of WCEs (60 pg, Hs578T or 75 pg, D3-1)
subjected to immunoblotting for IKK-1/IKKe, HA (for CK2a KI), and B-actin as loading control.
Figure S. IKK-i/IKKe controls IxB-a turnover and NF-xB activity. 4, HEK293T cells,
grown in 6-well plates, were transfected with 2 pg of empty vector pPCDNA3 (EV) or pCDNA3-

FLAG-IKKe (IKKeg). Forty-eight hours post transfection, cytoplasmic extracts were prepared and
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samples (20 pg) subjected to immunoblotting for IkB-a, IkB-f and IkB-¢ expression. Blots were
stripped and probed with B-actin to control for equal loading. A control blot was probed with a
monoclonal FLAG antibody detecting FLAG-IKK-1/IKKeg fusion protein. B, MMTV-Her2/neu
NF639 cells were co-transfected, in triplicate, with 2 pg of pCDNA3-FLAG-IKKe K38A (IKKeg
K38A) or pCDNA3 (EV), 0.5 ug E8-CAT or mut-E8-CAT reporter construct and 0.5 pug of
SV40-B-gal for normalization of transfection efficiency. The normalized relative activity of the
E8-CAT to mut-E8-CAT is given. C, Hs578T cells were co-transfected, in triplicate, with 1 pg
of either E§-CAT or mut-E8-CAT reporter construct along with 1 pug of SV40-p-gal, to
normalize for transfection efficiency, and increasing concentrations of IKKe K38A [0.5, 1, 2 ng]
while maintaining a 4 ng total DNA concentration with parental pPCDNA3 vector. WCEs were
prepared, normalized for transfection efficiency and subjected to CAT assays. Values for the
mean +/- S.D. are presented. Significance was determined using the Student t-test. D, WCEs (20
pg) from the transfected Hs578T cells in part C were subjected to immunoblot analysis for the
FLAG epitope, to confirm IKK-1/IKKg expression. The blots were stripped and re-probed with
antibodies for IkB-a and IkB-f3 and subsequently for B-actin, which confirmed equal loading.
Figure 6. Inhibition of IKK-i/IKKg kinase in breast cancer cells reduces cyclin DI and relB
expression, and transformed phenotype. 4, Hs578T cells were co-transfected, in triplicate,
with either 1.0 pg of cyclin D1 —66 wt-Luc or —66 mut-Luc reporter construct along with 1.0 pug
of SV40-B-gal and increasing concentrations of IKKe K38A [0.5, 1, 2.0 pg] while maintaining a
4 ng total DNA concentration with empty pCDNA3 vector. B, Hs578T cells were co-transfected,
in duplicate, with 1.0 ug of either pl.7 relB or p1.7 mut-relB luciferase reporter construct along

with 1.0 ug of SV40-B-gal and 2.0 pg of either IKKe K38A or pPCDNA3. The average + SEM is
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presented. C, D3-1 (left panel) cells were co-transfected, in duplicate, with either 1.0 pug p1.7
relB luciferase or p1.7 kB mut-relB luciferase reporter construct along with 1.0 ug of SV40-3-gal
and 2.0 pg of either pPCDNA3-FLAG-IKKe K38A or pCDNA3. Luciferase activity was
measured and normalized to B-gal activity. The average £+ SEM is presented. Alternatively,
MDA-MB 231 (right panel) cells were co-transfected, in triplicate, and processed as above.
Standard deviation (S.D.) was calculated and significance determined using the Student t-test. D,
Hs578T and D3-1 cells in P100 plates were transfected with 10 pg of pCDNA3-FLAG-IKKe
K38A (IKKe K38A) or pCDNA3 (EV). Cytoplasmic, nuclear or WCEs were isolated (as
indicated), and samples (20 pg) subjected to immunoblotting for RelB and cyclin D1 expression.
E, Hs578T breast cancer cells stably expressing IKKe K38A or pCDNA3 were plated, in
triplicate, in soft agar. Following incubation at 37°C for 16 days, the plates were stained with
crystal violet to visualize the cells and photographed using a Kodak digital camera. Colonies are
shown at 3.2 X magnification and counted at 8X magnification in 3 randomly selected fields of
view. F, NF639 cells were plated in matrigel in 12-well plates (5,000 cells per well), in triplicate,
and assessed for their ability to grow between 3 and 6 days. The plates were photographed using

an Orca ER camera at 5X magnification in a Zeiss Axiovert 200M microscope.
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Protein kinase CK2 is a ubiquitous and evolutionarily
conserved serine/threonine kinase that is upregulated in
many human cancers and can serve as an oncogene in
Iymphocytes. Recently, we have demonstrated that CK2
potentiates Wnt/[5-catenin signaling in mammary epithe-
lial cells. To determine whether CK2 overexpression
contributes to mammary tumorigenesis, we have per-
formed comparative studies of human and rat breast
cancer specimens and we have engineered transgenic
mice with dysregulated expression of CK2o in the
mammary gland. We find that CK2 is highly expressed
in human breast tumor specimens and in carcinogen-
induced rat mammary tumors. Overexpression of CK2o
in the mammary gland of transgenic mice, under control
of the MMTV-LTR, causes hyperplasia and dysplasia of
the female mammary gland. Thirty per cent of the
female MMTYV-CK2o transgenic mice develop mammary
adenocarcinomas at a median of 23 months of age, often
associated with Wnt pathway activation, as evidenced by
upregulation of f-catenin protein. NF-xB activation and
upregulation of c-Myc also occur frequently. Thus, in
mice, rats, and humans, dysregulated expression of CK2
is associated with and is capable of contributing to
mammary tumorigenesis. Targeted inhibition of CK2
could be useful in the treatment of breast cancer.
Oncogene (2001) 20, 3247-3257.
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Introduction

Protein kinase CK2 (formerly known as casein kinase
II), is a tetrameric serine-threonine kinase constituted
of two o or o catalytic subunits of 42—44 and 38 kDa,
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respectively, and two f regulatory subunits of 28 kDa.
It is remarkably conserved throughout evolution
(Heller-Harrison et al., 1989; Seldin and Leder, 1995)
and ubiquitously found in all eukaryotic cells,
indicative of a vital cellular role for this protein.
CK2 is required for cell cycle progression in yeast
(Glover, 1998), and may have a role in G, checkpoint
regulation (Toczyski et al., 1997). CK2 is also involved
in cell cycle progression in mammalian cells (Orlandini
et al., 1998; Pepperkok et al., 1994); we have shown
that CK2 phosphorylates HSIX1, a homeobox protein
with a G; cell cycle checkpoint function in human
breast cancer cells (Ford et al., 2000). Targeted
disruption of the CK2« subunit in mice reveals an
indispensable role for this subunit in male germ cells
where it is preferentially expressed (Xu et al., 1999). In
general, CK2 is elevated in proliferative tissues: its
expression is high in embryonic tissues (Issinger, 1993;
Mestres et al., 1994), regenerating liver (Pancetti et al.,
1996; Perez et al., 1988), and also in the proliferative
cell layer at the base of the crypt in colonic mucosa
(Munstermann et al., 1990). The mechanisms by which
CK2 regulates cell proliferation remain unclear, as
CK2 has hundreds of substrates in cells and affects
many critical cellular growth pathways (reviewed in
Allende and Allende, 1995; Guerra and Issinger, 1999;
Pinna and Meggio, 1997). Like HSIX1, many other
transcription factors can be regulated by CK2
phosphorylation, as has been demonstrated for c-
Myc, c-Myb, AP-1, UBF, homeodomain proteins,
steroid hormone receptors, and others. The p65
subunit of NF-kB is a direct CK2 substrate (Bird et
al., 1997), and CK2 also regulates NF-xkB through
phosphorylation of its inhibitory subunit IxkB (Janosch
et al., 1996; Lin et al., 1996; Pando and Verma, 2000;
Schwarz et al., 1996). In Drosophila, phosphorylation
of the IxB homolog cactus by CK2 is required for wild
type axis formation (Liu et al., 1997). Recently, CK2
was shown to interact with elements of the wingless/
Wnt signaling pathway in insect cells (Willert et al.,
1997) and we have demonstrated that CK?2 is a positive
regulator of Wnt signaling in mouse mammary
epithelial cells (Song et al., 2000). Activation of this
pathway by the mouse mammary tumor virus
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(MMTV) leads to breast cancer in mice (Nusse and
Varmus, 1982). In many human cancers, activation of
the Wnt signaling pathway occurs through inactivation
of the adenomatous polyposis coli (APC) tumor
suppressor gene or mutation of the transcriptional
cofactor f-catenin (Morin et al., 1997; Polakis, 1999;
Roose and Clevers, 1999).

CK2 is also upregulated in cancer. This was reported
in lymphoblastoid cells in bovine tropical theileriosis, a
parasite-induced pseudoleukemia (ole-MoiYoi et al.,
1993). In human malignancies, CK2 is elevated in lung,
prostate, head and neck cancers (Ahmed, 1994; Daya-
Makin et al., 1994; Faust et al., 1996; Gapany et al.,
1995; Munstermann et al., 1990), malignant melanoma
(Mitev et al., 1994), and in leukemias (Pena et al.,
1983; Roig et al., 1999). CK2 overexpression may be a
contributor to the molecular pathogenesis of these
malignancies, as overexpression of CK2 in lymphocytes
in transgenic mice leads to lymphoma (Seldin and
Leder, 1995). CK2 transformation requires the partici-
pation of other oncogenic events, as lymphoma
develops slowly in clonal cells in transgenic mice.
Lymphomagenesis is accelerated by the presence of c-
myc or tal-1 transgenes or by loss of the p53 tumor
suppressor gene (Kelliher et al., 1996; Landesman-
Bollag et al., 1998; Seldin and Leder, 1995). In human
breast cancer, immunohistochemistry has demonstrated
strong nuclear staining of the CK2a« subunit in breast
tumor compared to normal tissue (Munstermann et al.,
1990). This finding, along with the functional role in
the Wnt/f-catenin pathway and in regulation of HSIX1
in breast cancer cells, suggested that CK2 might play a
causative role in mammary tumorigenesis. To investi-
gate this hypothesis, we examined CK2 expression in
human and rat breast tumors. We then engineered
transgenic mice overexpressing the o subunit of CK2 in
the mammary gland and studied the consequences of
dysregulated CK2 expression in that tissue.

Results

CK?2 is highly expressed in rat and human breast tumors

As a first step in determining whether protein kinase
CK2 plays a role in the pathogenesis of mammary
tumorigenesis, we measured CK2 catalytic protein
subunit expression and activity in rat carcinogen-
induced breast tumors. Rats treated with a single oral
dose of 7,12-dimethylbenz[a]anthracene (DMBA) de-
velop mammary tumors 7—20 weeks later (Huggins et
al., 1961; Rogers and Wetsel, 1981). Proteins extracted
from snap frozen tumors or control pooled normal
mammary tissue from the same rats were analysed as
matched pairs of samples. In six out of seven pairs,
CK2 protein is upregulated in the tumors; densitome-
try analysis showed an average increase of 2.7-fold
(Figure 1la). The differing mobility of the bands
corresponds to the 42 kDa CK2« and the 38 kDa
CK2«' subunits, both of which are recognized by the
polyclonal rabbit antibody. Recombinant CK2 holoen-
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Figure 1 Protein kinase CK2 expression and activity in
carcinogen-induced mammary tumors in rats. (a) One hundred
micrograms of protein extracted from paired normal mammary
glands (N1) and mammary tumors (Tu) from rats treated with
DMBA were subjected to Western blotting for CK2; equal
loading was confirmed by Ponceau S staining (not shown). CK2
expression is elevated in six out of seven tumor samples. (b) CK2
kinase activity: equal amounts of protein lysates were assayed in
duplicate for phosphorylation of a specific CK2 substrate peptide
(Kuenzel et al., 1987). Data are expressed as the difference of the
mean counts of the kinase reaction carried out without the
specific peptide subtracted from the mean with peptide; error bars
cannot be displayed for the difference of means but were generally
<10% for the means themselves. In six out of seven pairs, a
marked increase in CK2 kinase activity in tumors (dark bars) is
seen compared to normal mammary tissue (light bars). The
overall difference in kinase activity between mammary glands and
tumors is statistically significant (P <0.003)

zyme was run in parallel, and the recombinant « and o’
bands comigrated with the rat CK2 bands (not shown).
Western blot analysis of the CK2pf subunit revealed no
significant change in band intensity between normal
and malignant tissue (not shown).

We measured kinase activity in these samples using
an assay based on phosphorylation of a specific CK2
substrate peptide, RRREEETEEE (Kuenzel et al,
1987). Samples were assayed in duplicate, and
[y-*P]GTP was employed as a phosphate donor to
further ensure specificity of the assay, since CK2 is one
of the few enzymes capable of utilizing GTP. The same
six out of seven pairs exhibited increased kinase
activity in the tumors, with a mean increase of twofold
(Figure 1b). Thus both CK2 protein levels and kinase
activity are comparably increased in rat mammary
tumors.

We then examined CK2 levels in human breast
cancer. Ten anonymous human breast tumor specimens
and a non-malignant control reduction mammoplasty
specimen were obtained from a tumor bank at Boston
University School of Medicine, with approval of the
Institutional Review Board. All breast tumor speci-
mens exhibited abundant expression of the catalytic



subunits compared to the non-malignant mammoplasty
specimen (Figure 2a). CK2 kinase activity was
determined in the seven samples in which there was
adequate material for duplicate measurements. All of
these seven samples had more CK2 activity than the
control, and on average the increase was more than 10-
fold (Figure 2b). Again, the varying mobility of these
bands may reflect the relative amounts of CK2u« and
CK2o/; furthermore, in transformed cells, a faster
migrating form of CK2x has been observed (Roig et
al., 1999). Thus, in both carcinogen-induced breast
tumors in a rodent model system and in human breast
tumors, CK2 protein levels and activity are elevated,
suggesting that CK2 may play a role in mammary
tumorigenesis.

Transgenic expression of CK2o in the mouse mammary
gland

To determine whether CK2 overexpression plays a
causative role in mammary tumorigenesis, we engi-
neered transgenic mice to overexpress the o catalytic
subunit of CK2 in the mammary gland using an
MMTV-LTR transgene vector (Stewart et al., 1984).
FVB/N mice were utilized. Integration of the construct
into the genome of potential founders was assessed by
Southern blot using the CK2o cDNA as a probe. Four
founders successfully passed the transgene through the
germline and their progeny were used for this study. A
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Figure 2 Protein kinase CK2 expression and activity in human
breast tumors. (a) Representative Western blot of tissue extracts
with 50 ug of protein lysate in each lane. Breast tissue obtained
from a reduction mammoplasty was used as a control and
compared with 10 breast cancer specimens; increased CK2 protein
as seen in all 10 specimens. Equal loading was obtained as in
Figure 1. (b) CK2 kinase activity: equal amounts of protein
lysates were assayed for phosphorylation of the specific CK2
peptide as described in Figure 1b; insufficient material was
available for analysis from samples 5-7. All breast tumor
specimens assayed have increased levels of CK2 activity
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transgene-specific RT—-PCR assay, using a 5 CK2«
cDNA sense primer and a 3’ SV40 poly(A)* antisense
primer, was employed to assess the expression of the
transgene in mouse organs. Virgin, pregnant, and
involuting mammary glands all express the transgene
(Figure 3). Weak bands are also seen in thymus, small
intestine, and salivary gland; this glandular pattern of
expression has been seen with other MMTYV transgenes
(Sinn et al., 1987). Both spliced and unspliced
transgenic CK20 PCR products (arrows, Figure 3)
were gel-purified and sequenced to confirm their
identity.

MMTV-CK2 mice develop hyperplasia and dysplasia in
the post-lactating mammary gland

MMTV-CK2o transgenic mice develop and breed
normally. To promote transgene expression from the
hormone-dependent MMTV-LTR, female mice were
continuously bred and pups were removed after 7 days
of lactation. Mammary glands from female mice at
several stages of mammary gland development were
taken for histological analysis. Histological abnormal-
ities were observed in half of the MMTV-CK2ax female
transgenic mice (14 out of 27 mice examined). In three
mice, pubertal mammary gland development was
incomplete or retarded, with less than 20% of the
mammary fat pad being filled with glandular tissue,
although ultimately the females were able to produce
adequate milk. Incomplete mammary gland regression
was observed in eight mice whose mammary glands
were harvested 2—12 months after the last pregnancy.
Importantly, seven mice developed a variety of
dysplastic lesions that are rarely seen in wild type
FVB/N females, and are considered to be premalignant
(Cardiff, 1996). These included areas of dysplastic
alveoli and squamous metaplasia, commonly seen with
areas of inflammation in the stroma and the epithelium

vir P20 R7 Thy Sol Sg

< 290 bp

CK2a
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Figure 3 MMTV-LTR-driven CK2o transgene expression in
transgene mice. Five to 10 micrograms of total RNA derived
from organs obtained from virgin, full-term pregnant and 7 days
post-lactation transgenic female mice were subjected to DNAse
treatment, followed by RT—PCR. Transgene-specific oligonucleo-
tides encompass a 67 bp splicing region in the SV40 polyA tail.
Thus, unspliced mRNA yields a 290 bp band while the spliced
mRNA vyields a 223 bp band. Virgin, pregnant and post-
lactational mammary glands express the transgene. CK2u
transgenic message is also detected in thymus, salivary glands
and small intestine. siprt amplification confirms the integrity of the
reverse transcription reaction (Johnson et al., 1988). Vir: virgin,
P20: 20th day of gestation, R7: 7 days post-lactation, thy: thymus,
spl: spleen, sg: salivary gland, kid: kidney, liv: liver, int: small
intestine, RT—: no reverse transcriptase added
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(Figure 4). Ductal ectasia was frequently seen in
regressed mammary glands, as has been reported with
other oncogenic transgenes (Webster et al., 1998).
Thus, mice with dysregulated expression of CK2u in
the mammary gland frequently exhibit abnormalities of
mammary gland development and regression, and
inflammatory and preneoplastic lesions.

MMTV-CK20 mice develop late-onset mammary
adenocarcinomas

A cohort of 56 transgenic female mice was observed
for over 2 years. Thirty per cent of the mice developed
mammary tumors at a median age of 23 months. In
addition, over 35% of the mice developed non-
mammary malignancies, including lung tumors and
lymphomas. The incidence of non-mammary tumors
was very similar to that reported for wild type mice of
the same FVB/N strain (Mahler et al., 1996), and thus
most likely does not result from an effect of the
transgene (Table 1). No spontaneous mammary tumors
were reported in the wild type cohort (Mahler ez al.,
1996), and while spontaneous mammary tumors do
occur with a very low incidence (< 1%) in FVB/N mice
(RD Cardiff, unpublished observation), all four of our
founder lines developed breast tumors. Thus, mam-
mary tumor development in the transgenic cohort is
likely due to transgene CK2u expression rather than an
insertional event. The tumors generally arose as
solitary masses in single mammary glands, although
multiple tumors developed synchronously in separate
glands in six mice. Tumors and other mammary glands
and organs were harvested for histological and

Figure 4 Mammary gland dysplasia in regressed, multiparous
MMTV-CK20 transgenic mice. Hematoxylin and eosin-stained
sections reveal that mammary glands from female transgenics
frequently present with foci of dysplasia. (a) This field contains a
dysplastic region on the left hand side and normal-appearing
regressing mammary gland on the right hand side of the image.
Compare the size and density of the nuclei in the dysplastic
alveolar nodules on the left with the normal epithelium on the
right. (b) This field includes both alveolar and squamous nodules,
with the squamous nodules enlarged in (¢) and the alveolar
nodules enlarged in (d). Note that all fields of dysplasia are
associated with extensive fibrosis and inflammation
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molecular analyses. All the tumors were adenocarcino-
mas, which could be further classified into a variety of
subtypes. The most common histologic subtypes were
glandular and papillary adenocarcinomas, in seven
tumors each (Figure 5). Four were classified as
adenosquamous carcinomas (keratoacanthomas) and
two as scirrhous carcinomas. One tumor consisted of
large cells similar to those seen with expression of a c-
myc transgene in the mammary gland, and one had the
solid cord-like pattern of tumors as seen arising
through transgenic expression of int-2 (Cardiff and
Wellings, 1999). Some tumors exhibited mixed patterns
with classical adenocarcinoma in some regions and the
cellular connective tissue stroma characteristic of
scirrhous carcinomas in others.

Six tumors from four mice had histologic features of
spindle cell carcinomas. The spindle cell pattern
suggested that these may have arisen from the
mammary stroma or mesenchyme rather than from
the epithelium. To identify the cell of origin,
immunohistochemical staining was carried out using
antibodies to vimentin as a marker for mesenchymal
cells and antibodies to cytokeratins 8 and 14 and
smooth muscle actin to identify cells of epithelial or
myoepithelial origin. The spindle cell tumors stained
negligibly for vimentin but were strongly positive for
the cytokeratins and smooth muscle actin, identifying
these tumors to be of epithelial origin (Figure 6). This

Table 1 Tumor incidence in female MMTV-CK2« transgenic mice
compared with wild type FVB/N at 24 months of age

MMTV-CK2« transgenic  Wild type”
mice (%) (%)
Breast tumors 30 0
Lung tumors 21 28
Lymphomas 14 13
Other tumors or undiagnosed 17 21

“Fifty-six females from the MMTV-CK2o transgenic mouse colony
(FVB/N background strain) were observed for tumor incidence.
Seventy-one wild type FVB/N female mice were monitored for
tumor incidence as reported by the National Institute for Environ-
mental Health Sciences (Mabhler et al., 1996). For this comparison,
only histological malignant lesions were scored as tumors; adenomas
and other benign lesions were not included

Figure 5 Representative histopathologies of breast tumors
developing in aging MMTV-CK2o transgenic female mice after
multiple cycles of pregnancy and regression. All the breast tumors
are adenocarcinomas, presenting with a variety of patterns,
including papillary adenocarcinomas, characterized by a frond-
like pattern with central fibrovascular stalks covered by neoplastic
epithelium (a), or pure glandular adenocarcinomas. (b). Hema-
toxylin and eosin staining (100 x )



result was further confirmed by immunofluorescence
staining of two cell lines derived from the spindle cell
tumors, which stained positively with a broad
specificity anti-keratin antibody, similar to control
MCF-7 human mammary epithelial breast tumor cells
(not shown). Thus, these spindle cell adenocarcinomas
have arisen through the transformation of epithelial
cells into cells with histological features of mesenchy-
mal cells; this phenomenon has been described as an
epithelial to mesenchymal transition (EMT). Tumors
with features of EMT have been reported to have
increased invasiveness (Birchmeier et al., 1996). Indeed,
the spindle cell transgenic breast tumors behave more
aggressively than other MMTV-CK2¢ mammary
tumors, growing rapidly in culture or upon transplan-
tation into subcutaneous tissues of syngeneic recipients.

Expression of CK2 and candidate downstream targets in
transgenic mammary tumors

CK2 protein expression and kinase activity in the
tumors was determined as previously done in the rat
and human breast tumor specimens; these assays
measure the sum of transgenic and non-transgenic
catalytic CK2. Grossly normal mammary gland from
transgenic mice that developed mammary tumors were
paired with the mammary tumors as controls. Twelve
pairs of tumors and controls were analysed, and all
exhibit higher levels of CK2u« protein in the tumors.
Four pairs are depicted in a representative Western
blot (Figure 7a); CK2 expression can be seen in the
normal glands with longer exposures (not shown). We

Figure 6 Immunohistochemistry of a transgenic spindle cell
carcinoma. Comparable fields are shown to illustrate the mixture
of tumor giant cells, fusiform spindle cells and scattered glands
(arrows). Note that the tumor cells show relatively low levels of
staining for vimentin (a). Anti-smooth muscle actin stains a well-
defined myoepithelial layer in the glands (b, arrow) and scattered
tumor cells. Anti-cytokeratin 8 stains the luminal epithelium in
the glands (¢, arrow) and many of the spindle cells and tumor
giant cells. Anti-cytokeratin 14, a marker of myoepithelial cells,
identifies both the myoepithelium and the spindle cell population
but not the luminal cells of the glands (d). These results indicate
that the spindle cell tumors are derived from cells of epithelial
origin. Scale bars=100 um
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also find upregulation of CK2 in transformed cell lines
derived from these tumors, indicating that this is a
property of the tumor cells themselves. CK2 kinase
activity was also elevated in the tumors, averaging
sixfold in six pairs assayed (Figure 7b). Similarly to rat
tissues, no significant change in CK2f expression was
detected (not shown).

The mammary tumors in the transgenic mice
occurred in older mice, suggesting a requirement for
multiple additional molecular events for complete
mammary epithelial cell transformation. Some mole-
cular alterations may be direct consequences of CK2«
misexpression, while others may occur independently.
Our recent observations implicate CK2 as a positive
regulator of the Wnt/f-catenin pathway in mammary
epithelial cells (Song et al, 2000). To determine
whether the CK2o transgenic tumors harbor an
activated Wnt/f-catenin signaling pathway, f-catenin
levels were assessed by Western blot analysis of tumor
tissue extracts; a representative Western blot is shown
(Figure 8a). Overall, six of 11 breast tumors tested
exhibited elevated levels of f-catenin compared to non-
malignant transgenic mammary tissues, indicative of an
activated Wnt/f-catenin pathway.

CK2 phosphorylates IxB and promotes its degrada-
tion, regulating basal as weel as inducible levels of
nuclear NF-xB (Janosch et al., 1996; McElhinny et al.,
1996; Pando and Verma, 2000; Schwarz et al., 1996).
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Figure 7 Protein kinase CK2 expression and activity in
transgenic female MMTV-CK2a breast tumors. (a) One hundred
micrograms of protein extracted from paired normal mammary
glands (N1) and breast tumors (Tu) of transgenic mice were
subjected to Western blotting for CK2. A representative blot
demonstrates that the tumors have increased levels of CK2
protein. (b) CK2 kinase activity of the protein extracts was
measured with the CK2 peptide kinase asssay as in Figure 1.
Although kinase activity in the tumors was variable, the overall
difference in kinase activity between mammary glands and tumors
was statistically significant (P<0.023). Normal mammary tissue:
light bars; breast tumors: dark bars
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Figure 8 Expression and activity of f-catenin, NF-xB and c-myc
in transgenic female MMTV-CK2o breast tumors. Forty micro-
grams of nuclear extracts obtained from paired normal mammary
glands (N1) and breast tumors (Tu) of transgenic mice were
subjected to Western blotting with f-catenin (a) and c-Myc
antibodies (b). Note the increase in f-catenin and c-myc levels in
three out of four breast tumors. Equal loading was verified with
Ponceau S staining. (¢) Transgenic breast tumor and C57MG cell
lines were transfected with an NF-kB-CAT reporter construct and
mutant control to evaluate NF-xB transcriptional activity.
Transfection efficiency was normalized using an SV40fgal
reporter construct; data is expressed as mean and standard
deviation of duplicate transfections. The increase in NF-«xB
transcriptional activity in the tumor cell lines averages fourfold
over the control cell line

We and others have demonstrated constitutive high
levels of NF-xB in rat and human breast cancer (Foo
and Nolan, 1999; Kim et al., 2000; Nakshatri et al.,
1997; Romieu-Mourez et al., 2001; Sovak et al., 1997).
To determine whether this is also the case in the CK2«
transgenic mammary tumors, we first examined nuclear
NF-kB in primary CK2o transgenic tumors. While all
four specimens examined contained constitutive nucle-
ar NF-xkB (data not shown), some of the specimens
derived from the primary tumors also proved to be
contaminated with lymphocytes. Thus, to determine
whether there is transcriptionally active NF-xB in the
malignant mammary epithelial cells, three cell lines
derived from the primary tumors were transfected in
vitro with an NF-xB-dependent chloramphenicol acetyl
transferase (CAT) reporter. As a control, we used
C57MG normal mouse mammary epithelial cell line

Oncogene

(Howard et al., 1983). To normalize for transfection
efficiency, CMV-figal was transfected in parallel. All
three cell lines exhibited higher CAT activity than the
C57TMG control cell line, with an average fourfold
activation, indicating that the transgenic tumor lines
contain transcriptionally active NF-«xB (Figure 8c).

Overexpression of the c-myc oncogene (Seldin and
Leder, 1995) or loss of p53 (Landesman-Bollag et al.,
1998) are collaborating events with CK2« in lympho-
magenesis, and we hypothesized c-myc overexpression
or p53 loss might occur in CK2« transgenic mammary
tumorigenesis. In particular, we expected to find
elevated c-Myc expression, as c-myc is reported to be
a transcriptional target of both NF-xB and f-catenin
(Duyao et al., 1990; He et al., 1998; Kessler et al.,
1992). Levels of ¢c-Myc were determined by Western
blot analysis of tumor tissue extracts. Three out of four
tumors analysed had evidence of elevated c-Myc
protein levels (Figure 8b). On the other hand, in the
majority of primary tumors, p53 mRNA was expressed
and appeared normal (not shown). Thus, p53 loss does
not appear to be a frequent event in these transgenic
mammary tumors.

Discussion

This study demonstrates a pathogenic relationship
between protein kinase CK2 expression and mammary
tumorigenesis. In carcinogen-induced rat mammary
tumors and spontaneous human breast cancers, an
association between CK2 levels and breast cancer was
found; a transgenic mouse model demonstrated caus-
ality, as dysregulated expression of CK2a in the
mammary gland promotes dysplasia and eventually
cancer.

Carcinogen-induced mammary tumors produced in
rats by administration of the polycyclic aromatic
hydrocarbon (PAH) DMBA is a well-studied model
system that has revealed molecular pathways of breast
carcinogenesis (Kim et al., 2000; Ohi and Yoshida,
1992). This model is very relevant to human breast
cancer because of the postulated role of environmental
carcinogens in human mammary tumorigenesis (Morris
and Seifter, 1992). A complex cellular metabolic
response is initiated by the administration of DMBA,
leading to DNA damage (Nebert et al., 1987;
Randerath et al., 1985; Safe, 1984). Our data indicate
that upregulation of CK2 protein and activity is also a
component of this response, and suggest that there is a
requirement for upregulation of this kinase in the
development and/or maintenance of DMBA-induced
mammary tumorigenesis. The relevance of CK2 to
human mammary tumorigenesis is supported by our
demonstration of elevated CK2 expression in human
breast cancer specimens; at this time we cannot
determine whether this occurs through the action of
environmental pollutants or alternative molecular
mechanisms.

These data are consistent with CK2 upregulation
as either a consequence or a cause of mammary



gland transformation. To test the hypothesis that the
overexpression of CK2 may directly contribute to
mammary tumorigenesis, we used the MMTV-LTR
to misexpress CK2o in the mammary epithelium of
transgenic mice. Females from four independent
transgenic lines exhibited histological abnormalities
of the mammary gland, such as defects in involution
and dysplasia. Several laboratories have observed
incomplete involution in multiparous wild type
FVB/N mice (Nieto et al., submitted); thus, this
phenotype in our mice may be related to a back-
ground strain effect rather than to an effect of
transgene expression. However, the dysplasic lesions
observed in our transgenics are uncommon in wild
type FVB/N mice and can be attributed to transgene
expression; such lesions are thought to be precancer-
ous (Cardiff and Wellings, 1999). Thirty per cent of
the female transgenics developed mammary adeno-
carcinomas. In FVB/N mice these are rare as
spontanecous malignancies (Mahler et al., 1996; RD
Cardiff, unpublished observation). Furthermore, the
bulk of the histological subtypes in our transgenics
are glandular and papillary adenocarcinomas, and
spindle cell carcinomas, while the rare spontaneous
tumors in FVB/N are ketatoacanthomas or squamous
cell carcinomas. This phenotypic difference implies a
transgene-specific effect in the formation of MMTV-
CK breast tumors.

The tumors had very high levels of CK2 protein
and activity, suggesting that CK2 activity was
required for ongoing tumor growth. This is supported
by experiments with a selective pharmacologic
inhibitor of CK2, the flavonoid apigenin, which
inhibits growth of the CK2a« transgenic breast cancer
cell lines in vitro (not shown). Upregulation of the
CK2o transgenic mRNA was only detected in some
tumors (not shown); thus, we presume that the CK2
protein is derived from both transgene and endogen-
ous CK2 expression. Variable transgene expression in
tumors has been reported by other investigators and
has been attributed in some cases to a hit and run
mechanism in which the transgene mediates early
transformation events but is not required in later
steps of the process. EMT occurring in some of our
transgenics could be another factor accounting for
downregulation of transgene expression; as MMTV-
LTR expression is restricted to epithelial and
lymphoid cells, we would not expect mesenchymal
tissue to express the transgene. Thus we predict that
transgene expression would be shut off in our
transgenic spindle cell carcinomas, since they have
undergone EMT.

The variety of histologic patterns of the transgenic
tumors is consistent with a variable and presumably
stochastic activation of cooperating or downstream
molecular pathways. The requirement for multiple
additional steps to mammary transformation was
also suggested by the long latency of tumor onset.
We screened for such events based upon prior data
about CK2-dependent pathways in growth control
and cancer. CK2 participates in Wnt/f-catenin
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signaling (Song et al., 2000) and in the regulation
of IxB turnover and NF-xB activity in mammary
epithelial cells (Romieu-Mourez et al., 2001). In the
CK2a transgenic breast tumors, upregulation of the
Wnt/f-catenin pathway and of NF-xB occurred
frequently. The role of the Wnt/f-catenin pathway
is well-established in mouse mammary tumors
(Barker et al., 1999; Bui et al., 1997, Dale et al.,
1996; Huguet et al., 1994; Tsukamoto et al., 1988),
and in humans it is emerging as an increasingly
important pathway to breast cancer (Schlosshauer et
al., 2000; Kuhl et al., 2000). CK2 phosphorylates the
dishevelled signaling intermediates (Song et al., 2000;
Willert et al., 1997) and f-catenin itself (Song et al.,
2000). The NF-kB pathway has recently been
documented to also play an important role in early
mammary tumorigenesis (Kim et al., 2000; Sovak et
al., 1997). Signal-dependent activation of NF-xB
occurs in the cytoplasm via phosphorylation and
degradation of IxBo which free the NF-xB subunits,
allowing them to translocate to the nucleus and be
transcriptionally active (reviewed in Israel, 2000).
CK2 phosphorylates the C-terminal PEST domain of
IxBa constitutively, and this has been found to also
play a significant role in regulating IxB turnover,
particularly with respect to regulation of basal levels
of nuclear NF-kB (Bren et al., 2000; Heilker et al.,
1999; Janosch et al., 1996; Lin et al., 1996;
McElhinny et al., 1996; Pando and Verma, 2000;
Schwarz et al., 1996; Tran et al., 1997). CK2
phosphorylates the p65 subunit of NF-xB directly
(Bird et al., 1997). The transgenic CK2x mammary
tumors have active nuclear NF-xkB, suggesting
cooperation between CK2 and NF-xB in mammary
tumorigenesis.

c-myc is an important oncogene regulated by both
Wnt/f-catenin signaling and by NF-xB (Duyao et al.,
1990; He et al., 1998; Kessler et al., 1992). Bi-
transgenic expression of CK2x and c-myc in lympho-
cytes has demonstrated the potent transforming
potential of co-expression of these genes (Seldin and
Leder, 1995). c-Myc was well-expressed in the CK2«
mammary tumors. On the other hand, although CK2x
and p53 loss are also collaborative in lymphoid
transformation, we found evidence of p53 loss in only
two of the transgenic mammary tumors (data not
shown).

In summary, we find increased expression and
activity of protein kinase CK2 in breast tumors of
human and rodent origin. Enforced overexpression of
CK2¢ in the mammary gland of transgenic mice
substantiates a model in which dysregulation of CK2
promotes hyperplasia and neoplasia of the mammary
gland, although the latency of tumor formation points
to a multistep pathway of tumorigenesis. Secondary
events that may synergize with CK2 in mammary
tumorigenesis include activation of the NF-xB and
Wnt/fS-catenin pathways, with c-myc as critical down-
stream transcription factor target. CK2 inhibitors may
have a potential role in the treatment or prevention of
mammary tumorigenesis.
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Materials and methods

Human and rat tissues

Breast tumors were induced in rats by a single gavage with
15 mg/kg of DMBA at 8 weeks of age. The rats were
sacrificed 17 weeks later. Tumors and pooled normal
mammary glands were snap frozen at the time of necropsy;
portions of these tissues were used for other experiments on
NF-kB and breast cancer (Kim er al., 2000). All animal
experimentation was carried out in accordance with the
regulations of the American Association for the Accreditation
of Laboratory Animal Care and with approval of the Boston
University School of Medicine I[.A.C.U.C. committee.
Unneeded portions of anonymous frozen human breast tissue
samples and breast tumor specimens were obtained with
approval of the Institutional Review Board, Boston Medical
Center.

Transgenic animals

Mice from the FVB/N strain were utilized to generate
transgenic animals. The murine CK2a catalytic subunit
cDNA was subcloned into a vector in which the mouse
mammary tumor virus (MMTYV) long terminal repeat (LTR)
directs expression chiefly to the mammary epithelium, with
ras 5 untranslated sequences provided upstream of the
¢cDNA and an SV40 intron and polyadenylation signal
downstream (Sinn et al., 1987). Plasmid sequences were
removed by restriction digestion at the Sa/l and Spel sites,
and the excised transgene construct was gel purified and
microinjected into pronuclei of fertilized one-cell zygotes.
There were reimplanted into pseudopregnant foster mothers
and the offspring were screened for presence of the transgene.
Carriers were bred to establish four independent transgenic
lines. Female transgenic mice were continuously bred to
induce transgene expression through activation of the
hormone-dependent MMTV-LTR. Mice were monitored
weekly for the appearance of tumors. Ill mice were sacrificed
and tissues collected for histopathological analysis, cell
culture, RNA and protein analyses. To assess expression
levels of the transgene in the mouse organs, tissues were
collected from 6-8 week-old virgin females, from females
that were pregnant, and from females at day 7 of mammary
gland involution. Mice were housed in a 2-way barrier at the
Boston University School of Medicine Core Transgenic
Mouse Facility in accordance with the regulations of the
American Association for the Accreditation of Laboratory
Animal Care.

Genotyping and expression analyses

Genomic DNA was extracted from 1 cm tail tip samples by
digestion with proteinase K, high salt extraction of proteins,
and ethanol precipitation of DNA. Genotyping was
performed by Southern blot analysis or by PCR. For
Southern analysis, DNA was digested with BamHI, electro-
phoresed on 1% agarose gels (FMC Rockland, ME, USA),
capillary blotted with 0.4 N NaOH onto nylon membranes
(Gene Screen Plus, NEN, Boston, MA, USA), and hybridized
with a o-*?P-radiolabeled 1.1 Kb BamHI fragment comprising
the entire mouse CK2x« cDNA (Seldin and Leder, 1995). For
PCR, a 290 bp fragment of the transgene was amplified using
a sense oligonucleotide primer from the mouse CK2¢ cDNA
coding sequence (5-GGGATTTCTTCAGTGCCATC-3") and
an antisense oligonucleotide from the SV40 poly(A)* signal
of the vector construct (5-CCCATTCATAAGTTCCATAG-
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3"). PCR was performed in a thermal cycler (MJ Research,
Watertown, MA, USA) by denaturing at 95°C for 30 s,
annealing at 52°C for 40 s, and extending at 72°C for 40 s for
30 cycles.

For expression analysis, total RNA was extracted from
mouse tissues (Chirgwin et al., 1979). After DNase treatment
(Roche, Indianapolis, IN, USA), RNA was re-extracted and
ethanol precipitated. Five to 10 micrograms of RNA were
then reverse transcribed using the ProSTAR® First Strand
RT-PCR kit (Stratagene, La Jolla, CA, USA). PCR was
performed with CK2a and SV40 primers described above, for
35 cycles, to detect the transgene mRNA. Both spliced and
unspliced transgene mRNA could be amplified, as there is a
splice donor and acceptor in the amplified region of the SV40
polyA tail. The quality of first strand synthesis was verified
with Aprt amplification. PCR was performed by denaturing at
95°C for 30 s, annealing at 55°C for 40 s, and extending at
72°C for 40 s for 30 cycles using the sense oligonucleotide (5'-
GTTGGATACAGGCCAGACTTTGT-TG-3') and the anti-
sense  oligonucleotide  (5-GAGGGTAGGCTGGCCTA-
TAGGCT-3') (Johnson et al., 1988).

Western blot analyses

Protein extracts were prepared by homogenizing frozen
tumors or mammary gland specimens in lysis buffer contain-
ing a cocktail of protease and phosphatase inhibitors (40 mM
Tris-HCI, pH 8.0, 1% Nonidet P-40, 125 mM NaCl, 1 mMm
NaF, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin,
1 ug/ml pepstatin, 1 pg/ml leupeptin, 1 mM Na3;VO,, and
10 mM sodium pyrophosphate) followed by gentle centrifuga-
tion to remove debris. The same method was used for whole
tissue culture cell extracts, after directly lysing the cells in
lysis buffer. Nuclear extracts from breast tissue samples or
mammary tumor cell lines were prepared as described (Sovak
et al., 1997). Lysate protein content was quantified by BCA
protein assay (Pierce, Rockford, IL, USA). Samples (40—
100 ug) were electrophoresed on 7.5% or 10% SDS
polyacrylamide gels (Laemmli, 1970) and transferred onto
nitrocellulose filters (Schleicher and Schuell, Keene, NH,
USA). Filters were blocked in 5% milk, 1xPBS, 0.05%
Tween, incubated with primary antibody, washed, incubated
with HRP-conjugated secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), washed again and
visualized by ECL (Pierce, Rockford, IL, USA) according to
the manufacturer’s instructions. Primary antibodies were
rabbit a-human-CK2a (Stressgen, Victoria, BC), rabbit o-
CK2p (a generous gift from N Chester and D Marshak),
MAD anti-f-catenin (Signal Transduction, Lexington, KY,
USA), and rabbit anti-c-myc (UBI). Densitometry analysis
was performed using Quantity One software (BioRad,
Hercules, CA, USA). Verification of equal loading was done
by staining the nitrocellulose filters with Ponceau S (Sigma,
St Louis, MO, USA). This was found to be more accurate
than quantitation of selected cytoskeletal proteins such as
actin or tubulin or of cytokeratins, since the tumors clearly
exhibited variable expression of these proteins than did not
correlate  with the non-selective BCA or Ponceau S
techniques, as has been reported by others (Adam et al.,
1998; Perfetti et al., 1991). For immunofluorescence, we used
the broad spectrum anti-keratin antibody, clone C-11,
(NeoMarkers, Union City, CA, USA).

Immunohistochemistry

The tumor samples were sectioned and placed on glass slides.
They were analysed using immunohistochemical stains for



vimentin (PH 514, diluted 1:2000, Binding Site, San Diego,
CA, USA), smooth muscle actin (A2547 diluted 1:1000,
Sigma), cytokeratin 8 (PH 192 diluted 1:200, Binding Site
San Diego, CA, USA) and cytokeratin 14 (PH 503 diluted
1:200, Binding Site). The anti-smooth muscle actin, a mouse
monoclonal antibody, was amplified and detected using the
‘mouse on mouse’ kit K3954 (Dako Corp., Carpinteria, CA,
USA). The other antibodies, all sheep anti-peptide polyclonal
antibodies (Binding Site), were detected and amplified using
biotinylated rabbit anti-sheep IgG, diluted 1:1000 (BA 6000
Vector Labs, Burlingame, CA, USA). Microwaving of the
sections in citrate buffer was used for antigen retrieval. The
general conditions and times were according to manufac-
turer’s instructions. However, all antibodies and detection
systems were optimized using a prepared panel of mouse
control tissues. Positive and negative controls were included
with each experimental run as quality controls. The sections
were lightly counter-stained with hematoxylin to provide
contrast. Each slide contained sufficient normal tissue to
provide internal controls for the observer. Digital images
were captured using a Kontron digital camera with ProgRes
software and processed in PhotoShop.

Histology

Upon necropsy, tumors and organs were removed and
immediately fixed in Optimal Fix (American Histology
Reagent Company, Inc) and shipped in alcohol. The tissues
were processed, embedded in paraffin and sectioned at 7
microns. The sections were mounted on glass slides and
stained with hematoxylin and eosin using routine laboratory
procedures in the Transgenic Core Pathology Laboratory at
the University of California, Davis. Sections were compared
with other specimens in the extensive mouse mammary tumor
database (http://www-mp.ucdavis.edu/tgmice/firststop.html).

Cell culture

Transgenic breast tumor cell lines were generated by mincing
the tumor in DMEM under sterile conditions followed by
culture in DMEM supplemented with 10% fetal bovine
serum, 4 mM glutamine, 50 U/ml penicillin, 50 pg/ml strep-
tomycin (Mediatech Inc. Cellgro, Herndon, VA, USA) in a
5% CO, incubator at 37°C to establish immortalized cell
lines. In some cases, the tumorigenic nature of these cell lines
was confirmed by transplantation of approximately 10° cells
subcutaneously into syngeneic recipients.

CK2 peptide kinase assay

Samples (2—5 ug) of protein lysate were incubated in a 1 mMm
solution of the specific protein kinase CK2 substrate peptide
RRREEETEEE (Sigma-Genosys, The Woodlands, TX,
USA) in CK2 kinase buffer (100 mMm Tris pH 8.0, 20 mMm
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MgCl,, 100 mmM NaCl, 50 mMm KCI, 0.1 pg/ul BSA and
100 uM Na3VOy,) and 5 uCi of [y-**P]GTP (6000 Ci/mmol) at
30°C for 10 min (Kuenzel er al., 1987). The reaction was
stopped by adding 25 ul of 100 mM ATP in 0.4 N HCIL
Samples were spotted onto a P§1 Whatman filter and washed
in 150 mMm H3;PO4, four times, 5 min each, to remove
unincorporated [y-**P]JGTP. Phosphorylated peptides were
quantified in an automatic scintillation counter. The samples
were assayed in duplicate and background kinase activity in
the absence of the specific peptide substrate was subtracted.
The statistical significance of differences in activity between
pairs was determined by the z-test for Paired Two Sample for
Means.

NF-kB reporter assay

To evaluate NF-xB transcriptional activity, wild type (ES8-
CAT) and mutant (dmE8-CAT) NF-xB element-thymidine
kinase (TK) promoter-CAT reporter vectors, containing two
copies of either the wild type or mutant NF-xB element from
upstream of the c-myc promoter were employed (Duyao et
al., 1990). Cells were transfected, in duplicate, using Fugene
reagent (Boehringer Mannheim) according to the manufac-
turer’s directions. CAT assays were performed, and the
pSVp-galactosidase (SV40pgal) reporter vector was used to
normalize transfection efficiency, as previously described
(Arsura et al., 1997). The mean and standard deviation of
duplicates were calculated.
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ABSTRACT

Nuclear factor-«B (NF-kB)/Rel transcription factors regulate genes
that control cell proliferation, survival, and transformation. In normal
breast epithelial cells, NFxB/Rel proteins are mainly sequestered in the
cytoplasm bound to one of the specific inhibitory kB proteins, whereas in
breast cancers they are activated aberrantly. Human breast tumor cell
lines, carcinogen-transformed mammary epithelial cells, and the majority
of primary human or rodent breast tumor tissue samples express consti-
tutively high levels of nuclear NF«B/Rel. To begin to understand the
mechanism of this aberrant NF«B/Rel expression, in this study we meas-
ured the activity of the major kinases implicated in regulation of IkB
stability, namely IKK e, IKK B, and protein kinase, CK2 (formerly casein
kinase Il). Hs578T, D3-1, and BP-1 breast cancer cell lines displayed
higher levels of IKKea, IKK B, and CK2 activity than untransformed
MCF-10F mammary epithelial cells. Inhibition of IKK activity upon
expression of dominant negative kinases or of CK2 activity by treatment
with selective inhibitors decreased NF«B/Rel activity in breast cancer
cells. Inactivation of the IkB kinase complex in Hs578T cells via expres-
sion of a dominant negative IKKy/NF-«kB essential modulator/IKK-asso-
ciated protein 1 reduced soft agar colony growth. Thus, the aberrant
expression of CK2 or IKK kinases promotes increased nuclear levels of
NF-xB/Rel and transformation of breast cancer cells. Furthermore, pri-
mary human breast cancer specimens that displayed aberrant constitutive
expression of NFxB/Rel were found to exhibit increased CK2 and/or IKK

Medicine, Boston, Massachusetts 02118-2394; and Celgene &ighaDiRiegm, San

many years (2). Several oncogenic mammalian viruses were shown to
activate NF«B. For example, the product of titex gene of the HTLV-1

virus activates NReB (3), which we showed mediates transactivation of
the cmycpromoter (4). Recently, we and others have demonstrated a role
for NF-«kB/Rel factors in breast cancer (5, 6). High levels of nuclear
NF-«B/Rel were found in human breast tumor cell lines, carcinogen-
transformed mammary epithelial cells, and the majority of primary hu-
man or rodent breast tumor tissue samples. In contrast, untransformed
breast epithelial cells and normal rat mammary glands contained low
basal levels (5, 6).

Several laboratories have found that increasedkRFexpression in
tumor cells correlates with decreased stability kB Iproteins. For ex-
ample, we recently showed that elevated levels ofdBRn the D3-1 and
BP-1 cell lines, derived byn vitro transformation of MCF-10F breast
epithelial cells by 7,12-dimethylber@anthracene and benzo[a]pyrene,
respectively, correlated with a decrease in the half-lifex@&-& protein
(7). Much progress has been made in elucidating the kinases that regulate
1kB-« stability. These appear to function via phosphorylation of,NH
terminal or COOH-terminal sites okB-a. A variety of agents that
induce NF«B/Rel have been found to mediate activation of REvia
phosphorylation of #B on two NH,-terminal serine residues in a large
multi-subunit complex (8). ThexB kinase complex consists of twaB

kinase activity. These observations suggest these kinases play a similarkinases, IKkx or IKK-1 and IKKg or IKK-2 (8). In addition, there is a

role in an intracellular signaling pathway that leads to the elevated
NF-kB/Rel levels seen in primary human mammary tumors and, there-
fore, represent potential therapeutic targets in the treatment of patients
with breast cancer.

INTRODUCTION

NF-xB*/Rel is a family of dimeric transcription factors distinguishe

M, 48,000 essential component, alternatively termed NEMO, Kbt
IKKAP1 (9-11). The IKKy/NEMO/IKKAP1 protein is essential for
function of the kB kinase complex, and mutants can completely inhibit
all of the IKK kinase function (9—11). The IKK and IKKB protein
serine kinases contain a leucine zipper and a helix-loop-helix motif in the
COOH-terminal region and a kinase domain in the,Métminal region

8). Activation of the kB kinase complex is mediated via phosphoryla-
ion of either IKKa or IKK B (12, 13). kB-« is then recruited into thexB

by the presence of a 300-amino acid region, termed the Rel homolggy. .. complex, where it is phosphorylated by the functional dKK

region, which determines much of its function (1). ClassicalkHs a

heterodimer composed of a RelA (p65) and p50 subunit. In most ce
other than B lymphocytes, NkB/Rel proteins are sequestered in th

cytoplasm bound to the specifigB inhibitory proteins, of which#B-«

is the paradigm. Although therel gene, carried by the highly oncogenic,
avian reticuloendotheliosis virus strain T, is able to cause tumors
birds, the role of NFkB in mammalian cancers was less clear fo
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U<KB heterodimer at serine residues at positions 32 and 36. The NH
Srminal IKK phosphorylation sites have been recently shown to play a

Sole in the signal-induced degradation of both free and«dBHound

forms of IkB-« (14). IkB-a phosphorylation is followed by ubiquitina-
tign and rapid degradation, allowing for migration of the releasedRF-
tro the nucleus (15).
In addition to the NB-terminal residues, it has been shown that
phosphorylation of serines and/or threonines within the COOH-
rminal PEST domain ofkB-a affects the stability of the protein
16-18). The kinase responsible for this phosphorylation has been iden-

'g‘(i)ed as the serine/threonine protein kinase CK2 (CK2, formerly casein

R. R-M.), the Fondation Bettencourt-Schueller (to R. R-M.), Massachusetts DepartmkHiase Il). CK2 phosphorylateB-« preferentially at Ser-283, Ser-288,
of Public Health Breast Cancer Program (to E. L-B. and R. R-M.), Department of Armf-291, and Ser-293 within the PEST domain (18, 19). CK2 is a ubiqui-

DAMD 17-98-1 (to G. E. S.), and NIH RO1 CA 82742 (to G.E. S. and D. C. S.).
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S{gysly expressed and constitutively active kinase that exists in cells as a
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and two regulatory&/B) subunits (20, 21). CK2-mediated phosphoryl-

acetyltransferase; CMV, cytomegalovirus; EMSA, electric mobility shift analysis; GsBtion of IkB-« in the PEST domain has been implicated in the basal and

glutathioneStransferase; IKKAP1, IKK-associated protein 1; NEMO, NB-essential
modulator; PMSF, phenylmethylsulfonyl fluoride; WCE, whole cell extract; PNPP,

PR, progesterone receptor; HTLV, T-cell leukemia virgsgal, B-galactosidase.

signal-dependent turnover of free and KB-bound kB-« (14, 16, 18,

nitrophenyl phosphate; wt, wild-type; TNF, tumor necrosis factor; ER, estrogen recep?&rg,)' The mechanisms of the basal degradationBfd are not fully

understood, although it has been suggested that it invakB2sdmplex
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phosphorylation, ubiquitination, and degradation by the 26S proteasoisiews: 0.5 nm PMSF, 1 ug/ml leupeptin, 100ug/ml aprotinin, 10ug/ml
(14) or, alternatively, a calpain-mediated mechanism (22). These findinggstatin, and 10fig/ml bacitracin. Homogenates were centrifuged for 10 min at
have implicated CK2 in control of intrinsiaB-« stability and, thereby, 3000 rpm at 2°C to isolate crude nuclei. The nuclear pellet was washeuit

in constitutive activation of NFB, although this remains to be proVenbuffer, and nuclear proteins were extracted as described previously (5). The
directly. supernatant was centrifuged at 100,00®, and the clear cytosolic extract was

To begin to evaluate the mechanism of aberrant activation rcﬁmoved and stored frozen for analysis.

. . . . MSA. Th f the wt URE N#B-containi li leotid
NF-kB in breast cancer, in this study we have assessed the activity of . o cmy::egsei(lu(ir)mig ;S fol?ovvzs Wt 'SG ATéglilg?ggG%)glfTﬁlc-e

the IKKa and IKKB components of the«B kinase complex and of cccaacc-3. The core element is underlined. The mutant URE has two G to
CK2 in human breast cancer cell lines and primary breast cang&pp conversions, indicated in bold, which block MB/Rel binding:
specimens. We report that breast cancer cells in culture dispBRYGATCCAAGTCCGCCTTTTCCCCAACC-3. The sequence of the Spl
elevated IKK and CK2 kinase activity. Inhibition of these activitiesligonucleotide is 5SATTCGATCGGGGCGGGGCGACC-3 The sequences
reduces NF«B activity. Furthermore, multiple primary breast canceof the PU.1- and TCF-1-containing oligonucleotides are as follows: PU.1,
specimens that display aberrant constitutive expression okBIF-5-GATCTACTTCTGCTTTTG-3; and TCF-1, 5GGGAGACTGAGAA-

exhibit increases in either IKK or CK2 kinase activity. We conclud€AAAGCGCTCTCACAC-3 (28). Nuclear extracts from breast tissue sam-
that aberrant activation of IKK or CK2 leads to elevated nuclel€s or breast cell lines were prepared, and samples (2.§)-8iere subjected

NF-xB activity, which in turn can result in enhanced survival and EMSA as described (5). For antibody supershift analysis, the binding
reaction was first performed in the absence of the probe, the appropriate
transformed phenotype of breast cancer cells.

antibody was added, and the mixture was incubated for 16 h at 4°C. The probe
was then added. The reaction was incubated an additional 30 min at 25°C, and
MATERIALS AND METHODS the complexes resolved by gel electrophoresis, as above. Antibodies used
included: anti-RelA subunit, sc-372; anti-p50 subunit, sc-114; anti-p52 sub-
Cell Culture and Treatment Conditions. The Hs578T tumor cell line, unit, sc-7386; and anti-c-Rel subunit, sc-71 (all of these were from Santa Cruz
which was derived from a carcinosarcoma and is epithelial in origin, waotechnology, Santa Cruz, CA). Where indicated, either 250 ng«Btd-
grown as described previously (5). Where indicated, cells were incubated w@®T fusion protein, GST alone, excess unlabeled wt, or mutant oligonucleo-
20-100um apigenin or 1-25:.g/ml emodin (both from Sigma Chemical Co.) tide was added to the binding reaction just before addition of the probe. Data
dissolved in DMSO or similar dilution of DMSO as control. MCF-10F is avere quantified by densitometry using a Molecular Dynamics densitometer.
human mammary epithelial cell line, established from a patient with fibrocystic Immunoblotting. Samples were separated by electrophoresis in polyacryl-
disease, which does not display malignant characteristics (23). The D3-1 @meide-SDS gels, transferred to polyvinylidene fluoride membrane (Millipore,
BP-1 lines were derived by 7,12-dimethylbemz(nthracene-mediated and Bedford, MA), and subjected to immunoblotting, as described previously (27).
benzo[a]pyrene-mediated transformation of MCF-10F cells, respectively, afatibodies specific for IKkx (M-280), IKKB (H-470), and FLAG-pCruz Octa
were cultured as published previously (23). expression vector-encoded fusion protem8) were purchased from Santa Cruz
Transfection Conditions. For transient transfection, cells were incubatedBiotechnology. Phospha<B-a (Ser-32)-specific antibody was from New Eng-
for 12 to 16 h at 37°C with a solution of DNA and Fugene reagent accorditignd Biolabs (Beverly, MA). The rabbit polyclonal antibody specific for the GK2
to the manufacturer's directions (Boehringer Mannheim). To evaluate tragibunit of CK2 was from Stressgen (Victoria, British Columbia, Canada). A
scriptional activity, cells were transfected in duplicate with wt (E8-CAT) an¢honoclonal antibody specific foB-actin (AC-15) was purchased from Sigma
mutant (dmE8-CAT) NFB element-thymidine kinase promoter-CAT re-Chemical Co.
porter vectors, containing two copies of either the wt or mutantd8felement IKK Kinase Assay. To prepare WCEs, cells were washed with PBS, resus-
from upstream of the cayc promoter (4). CAT assays were performed agended in cold kinase assay lysis buffer [2@ Tiris (pH 8.0), 500 mu NaCl, 1 nm
described previously (5). Alternatively, cells were transfected in triplicate withDTA, 1 mv EGTA, 10 mv B-glycerophosphate, 10mNaF, 10 nm PNPP, 300
NF-«xB element-luciferase reporter vector, driven by 3 NE€lements from um NaVO, 1 mv benzamidine, 2um PMSF, 10ug/ml aprotinin, 1ug/ml
upstream of the MHC class | promotéindly provided by Dr. A. Chan (Mt. leupeptin, 1ug/ml pepstatin, 1 m DTT, and 0.25% NP40], and lysed by
Sinai School of Medicine, New York, NY; Ref. 24). Luciferase assays wegonication. Debris was removed by centrifugation, and extracts precleared with
performed as described previously (25). The CMV promgiayal reporter protein A-Sepharose beads (Amersham Pharmacia Biotech AB) tioat4°C.
vector pON407, in which the five putative NEB sites within the CMV  The IKK complexes were isolated by immunoprecipitation from a pD@action
promoter have been removed (26), was used to normalize transfection effixture of PD buffer [40 mu Tris (pH 8.0), 500 mn NaCl, 1 mv EDTA, 1 mv
ciency as described previously (27). SD was obtained using the Stutestt EGTA, 10 nm B-glycerophosphate, 10nmNaF, 10 nm PNPP, 30Qum NagVO,,
The pRCgactin-IKKaSS/AA vector, which expresses a phosphorylationl mv benzamidine, 2uv PMSF, 10ug/ml aprotinin, 1ug/ml leupeptin, Jug/ml
defective mutant IKkkSS/AA that functions as a dominant negative version gpepstatin, 1 ma DTT, and 0.1% NP40) containing 15@ of cytoplasmic proteins
IKK «, and the parental pRBactin vector were as described (13). The pRCand 1ug of antibody against either IKi (M-280), IKKB (H-470), or Flag-tag
Bactin-IKKaSS/AA vector insert was subcloned into the pcDNA3 vecto(d-8). After washing, one-third of the immunoprecipitate was subjected to a kinase
yielding pcDNA3-IKKaSS/AA. The plasmids pCMV-IKIBSS/AA and assay at 30°C for 45 min in kinase buffer C [20rHEPES (pH 7.7), 2 m
pCMV-IKK BSS/EE, allowing expression of a dominant negative mutant flagdgCl,, 10 um ATP, 3 uCi of [y-*?P]JATP, 10 nm B-glycerophosphate, 10w
tagged IKKB, and a constitutively active flag-tagged Ii8Krespectively, have NaF, 10 nv PNPP, 30Qum Na;VO,, 1 mv benzamidine, Zum PMSF, 10ug/ml
been described previously (13). The vector directing expression of dominaptotinin, 1ug/ml leupeptin, lug/ml pepstatin, and 1 mDTT] containing 200
negative IKKy/NEMO/IKKAP1 (9) was kindly provided by Drs. D. Rothwarf ng of wt GST-kB-« fusion protein (GST-witB-«) as substrate (13). Alterna-
and M. Karin (University of California San Diego, La Jolla, CA). tively, a truncated (amino acid 1-54) mutarBta-GST, in which Ser-32 and
Human Breast Cancer Specimen AnalysisPrimary human breast cancer Ser-36 were replaced by alanines (A32,36mut G&8-k), was used to assess
tissue specimens were obtained from patients undergoing surgery for treatmeiirgise specificity. (Concentrations of the GST fusion protein preparations were
breast cancer with approval of the Institutional Review Board of Boston Medicalonitored in Coomassie Blue-stained SDS-polyacrylamide gels by comparison to
Center. Tumors were processed for steroid receptor analysis, and any remaiBii§ standards.) The kinase reaction was stopped by the additiorxoSRS-
tissue was considered discarded material and used for subsequent analysRAGIE sample buffer, subjected to SDS-PAGE analysis, and visualized by auto-
NF-«B, and IKK and CK2 kinases. Tissues were stored frozer #°C until  radiography. The remaining fraction was subjected to immunoblot analysis, as
samples were processed for nuclear and cytoplasmic protein fractionation. Sdescribed above. SD was obtained using the Studest.
ples were pulverized on dry ice using a Bessman Tissue Pulverizer (Spectrum)CK2 Kinase Assay. For evaluation of #B-phosphorylation directed by
Frozen tissue powder was homogenized (0.5 g/ml) in TEGT/MO buffer 80 mCK2, 10- to 20x.g WCEs prepared using kinase assay lysis buffer were diluted
Tris/HCI, 1 nm EDTA, 10% (v/v) glycerol, 10 ma monothioglycerol, and 10  to 10-ul final volume with the same buffer. After the addition of 18 of
sodium molybdate (pH 7.4) containing 0.02% sodium azide] using a Polytrdsuffer D [100 nm Tris (pH 8.0), 100 mn NaCl, 50 mu KCI, 20 mm MgCl,,
After the initial burst, proteolytic inhibitors were added to a final concentration @90 um NagVO,, and 10uCi of [y-*2P]GTP], reactions were incubated at
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30°C for 30 min in the presence of 200 ng GSTw«@ta as substrate. A IKKpB Fad s
Alternatively, GSTA2I«B-«, with a deletion of amino acids 269-317 in the 35\ >
COOH-terminal PEST domain okB-a or GST-3CkB-a with three point mu- § Qh>‘§.>

tations at S283A, T291A, and T299A (17), kindly provided by Dr. J. Hiscol AA EE AA EE TNF .
(Institut Lady Davis de Recherches Medicales, Montreal, Quebec, Canada), v . L

. . . . GST-wtlxB
used as substrates. Where indicated, 20p8@pigenin, 1-25:g/ml emodin, or Kingsc aptivity . '- Byt e
0.58-1.46 mn CK2-specific peptide substrate RRREEETEEE (Sigma Genos
Inc.) was added to the kinase reaction. Alternatively, recombinant CK2 was ut
(New England Biolabs). The kinase reaction was stopped, and the products v Immunoblot *- A s wn o= 4 IKKD

processed as above.
Focus Formation Assay.Hs578T cells were transfected in P100 dishe:

using Fugene, as described above. After 16 h, cells were platedk atQf/ml P Flag IKKp

in top plugs consisting of complete medium and 0.8% SeaPlaque agar B IKKa

(FMC Bioproducts, Rockland, ME). Plates were subsequently incubated for &
days in humidified incubator at 37°C. Cells were stained with 0.5 ml ¢ < & Q,N“ {\q,&
0.0005% crystal violet, and colonies were counted using a dissecting mic q?‘ Qﬁ-f éEJ é’

scope.
Kinase activity S o s <— GST-wtlxkB-a

RESULTS immunoblot W e [0 B < KK«

IKK Complex Kinases Are Constitutively Active in Human Fig.ll. Analysis of IKK kinase activities in human breast cancer cell lidgsKK 3
. . analysis. Extracts were prepared from Hs578T, D3-1, and BP-1 breast cancer cells and

Breast Cancer Cell Lines. To determine whether breast cancer CeII§om untransformed MCF-10F breast epithelial cells. Alternatively, extracts were simi-
are characterized by an increase of activity of kinase componentsat§ prepared from Hs578T cells 24 h after transfection withutDvectors pCMV-
the IKK complex, we first monitored the level of IKIactvation. |51 2SA% PRSTI AR, expressis dommer egas g saed Joclon oo,
Kinase activity levels in untransformed MCF-10F human mammatyhere indicated, extracts were similarly prepared from Hs578T cells treated with 20
epithelial cells and breast cancer cell lines Hs578T and carcinogegéml TNF for 10 min. Equal amounts (150g) were immunoprecipitated with an
ransformed D3-1 and BP-L cell (23) were compared. As controls ' 209715 198 o % 0 i, Sl (epe e ) e sl
the kinase assay, Hs578T cells were treated with BNJFtransfected  (two-thirds) were subjected to immunoblotting for Ii8Kprotein. B, IKK a analysis.
with plasmids encoding flag-tagged dominant negative mutatg&rac@g were prgpared as describelabove. Equa] amountshwelzg immunoprecipitated with
IKK BSS/AA or constitutively active mutant IKBSS/EE. WCES WETe. ui <5 and mmimobioiing for I protein, 3 above. The data n pakands are
prepared from cultures of the four cell lines at 70% confluence, angbresentative of one of two experiments.
samples containing equal amounts of proteins were immunoprecipi-
tated with an IKKB kinase specific antibody. Alternatively, with the
transfected cell extracts, a flag antibody was used. One-third of teeperiment of 1.7- and 1.6-fold, 2.0- and 4.2-fold, and 1.9- and
immunoprecipitated material was used im vitro phosphorylation 5.0-fold, respectively. Thus, breast tumor cell lines displayed in-
assays with full length GST-wtB-« as substrate, and protein wascreased IKky and IKKB kinase activity compared with untrans-
labeled with [->2P]ATP (Fig. 1A, top pane). The remainder was formed human mammary epithelial cells.
subjected to immunoblotting for IKK protein or flag epitope, as Kinase Inactive IKK &« or IKK B Inhibits NF-«B Activity in
indicated (Fig. A, bottom panél Consistent with prior studies (13), Hs578T Human Breast Cancer Cells.To assess the role of active
ectopic expression of the dominant negative [KBS/AA resulted in IKK kinases in the induction of NixB seen in the breast tumor cells
reduced IKK3 kinase activity as judged by decreasedBla phos- (5, 7), the effects of inhibition of IKKs on NB activity and binding
phorylation when compared with expression of IBBS/EE (Fig. ). were evaluated. IKK activity was modulated by transfection with
This decrease occurred despite the higher total levels of8liotein  plasmids encoding kinase-inactive mutants WK$S/AA and
(Fig. 1A, bottom panél consistent with a dominant negative effectlKK BSS/AA. The transcriptional activity of NkB was evaluated by
The IKKB kinase activity in Hs578T was modestly stimulated byotransfection with a reporter plasmid driven by wt (E8-CAT) or
treatment with TNFa for 10 min (Fig. 18). IKK activity was specific mutated (negative control, dmE8-CAT) N&B-binding elements. In
for Ser-32 and Ser-36 okB-«, because replacement with alanine ats578T cells, functional activation of NkB was reduced 1.9-fold
both sites in the GSTiB-a substrate eliminated phosphorylation(P < 0.05) upon transfection with IKKSS/AA and 2.2-fold
(data not shown). (P < 0.05) by IKKBSS/AA, compared with the cognate parental

Comparison of the WCEs from the four cell lines indicate84«  vectors (pcDNA3 and pCMV-Neo, respectively; Fig. 2). This obser-
kinase activity directed by IKR was increased in the tumor cell linesvation is consistent with the reduction of IKK kinase activity in
compared with MCF-10F (Fig.A). When normalized for level of transfected cells seen above (Figy)1Thus, these findings suggest
expression of IKK8 protein detected in the immunoblot (FigAl that IkB-« turnover is mediated by both active IkKand IKKg.
bottom panél compared with MCF-10F cells, values obtained in this Kinase Inactive IKK B Inhibits NF- kB Activity in D3-1 and
and a duplicate experiment for the Hs578T, D3-1, and BP-1 tumBP-1 Human Breast Cancer Cells.We next sought to determine
cells were 1.6- and 1.4-fold, 2.6- and 2.0-fold, and 1.4- and 1.4-foldthether inhibition of the IKK complex in the D3-1 and BP-1 cells
respectively. The increases in all of the cells were statistically signieuld similarly reduce NReB transcriptional activity and selected the
icant (P < 0.05). A similar analysis was next performed for IKK dominant negative IKI8. D3-1, BP-1, and parental MCF-10F cells
IKK « kinase activity was significantly lower in the untransformeavere cotransfected with the kinase inactive IBBS/AA or parental
MCF-10F cells compared with all of the three breast cancer cell linp€MV-Neo vectors and the wt and dm E8-CAT reporter constructs, as
(Fig. 1B). Immunoprecipitation of IKkKx brought down approximately above. In the presence of the parental pCMV-Neo vector, the two
equivalent amounts of endogenous protein from the four lines (Figansformed lines displayed higher levels of NB-activity compared
1B). Compared with the MCF-10F cells, Hs578T, D3-1, and BP-With the MCF-10F cells, as expected (Fig. 3). The increase in activity
tumor cells displayed higher IKK activities in this and a duplicate was greater with the D3-1 than the BP-1 line. NB-activity was
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greatly reduced in D3-1 and BP-1 cells upon transfection with A « & GST-IxB-x
IKK BSS/AA, whereas no significant change was observed in the kpa = %
MCF-10F cells (Fig. 3). Thus, inhibition of IKRK activity reduces 649 — it
NF-xB activity in both the D3-1- and BP-1-transformed breast cancer el ® - GsTIB
cell lines.
CK2 Kinase Activity Is Increased in Human Breast Cancer Cell
Lines. As discussed above, CK2-mediated phosphorylatiokBfd B OY & GST-IkB
in the PEST domain has been implicated in the basal turnover of kDa ™V
1kB-a in immune cells (14, 18, 19). Thus, to explore the potential role 9_ _wt,
of CK2 on NF«B levels in breast cancer, a CK2 kinase assay was g;,g _-‘ ‘XZt % GST-IxB-o
developed usingdB-« as a specific substrate. GST fusion proteins of
either wt kB-a (GST-wtlkB-a) or mutant A269-317 kB-« C caliy extvacis
(GST-A2 IkB-a), which has a deletion of amino acids 269-317 in the
COOH-terminal PEST domain (17), were used as positive and nega- 80 40 20 - 80 40 20 - Apigenin (M)
tive controls, respectively. Recombinant CK2 enzyme was assayed in
the presence ofE3?P]GTP instead of4-32P]JATP, because both ATP Tve W « GST-wilkB-a
and GTP can be used as phosphate donors by CK2 whereas the IKKs
can only use ATP. Recombinant CK2 phosphorylated GSkBvik 255 1 - 255 1 - Emodin (pg/ml)
to a much greater extent than GAP-1kB-« (Fig. 4A). Similar results - . <4 GST-wtlkB-o
were obtained with ankB-a mutant with three point mutations
(S283A, T291A, and T299A, GST-3GB-«) that had been shown D
previously (17) to reduce phosphoryl group transfer by GiKgitro o & )
(data not shown). N &7, Peptide (mM)

WCEs were next prepared from Hs578T cells and used directly

L e — - -
with GST-IkB-« fusion proteins as substratesimvitro CK2 phos- e
Fig. 4. CK2 kinase assay fokB-a. A, recombinant CK2 assay. Recombinant CK2 (20
units) was incubated with 200 ng of substrate of either GSTkBk (wt) or GSTA2
4 - IkB-a (A2; with deletion of amino acids 269-317 including COOH-terminal PEST
domain) in the presence of 10Ci of [y-*2P]GTP in 25ul total volume, as described in
“Materials and Methods.” Proteins were resolved by SDS-PAGE and visualized by
34 autoradiography. Positions of molecular weight protein standaril 64,900 and 52,800
and of the GST-witB-« and GSTA2 IkB-a proteins are as indicateB, CK2 activity in
Hs578T WCEs. WCEs were prepared from Hs578T cells and used in a CK2 kinase assay,
as above, using either GST-wB-a (wt), GSTA2 IkB-a (A2), or GST-3C kB-a (3C;
with three point mutations at S283A, T291A, and T299A&). inhibition of IkB-a
1 phosphorylation by apigenin or emodireft pane] Hs578T cells were incubated for 2 h
in the presence of 20, 40, or 8 apigenin or 1, 5, or 2g/ml emodin, dissolved in
DMSO or a volume of carrier DMSO equivalent to the highest dose (-). WCEs were

ES8/dmES8
fold induction
[N}

0 assessed for CK2 kinase activity as abdRigiht panel Hs578T WCEs were used in CK2
Y’p & o & kinase assays in the presence of the indicated dose of apigenin or emodin, as above, with
Q% &Q ,% a3 GST-wtlkB-a as substrateD, inhibition of IkB-a phosphorylation by the CK2 specific
Qo @ g peptide. Hs578T WCESs were used in CK2 kinase assays in the absence (-) or the presence
QQ ® of 0.58 or 1.46 mn CK2-specific peptide substrate RRREEETEEE, added as competitor,

and GST-wtkB-a as substrate.
Fig. 2. Inhibition of IKK reduces NF¢B activity in Hs578T cells. Cultures of Hs578T
cells were transiently transfected, in duplicate, withd of E8-CAT E8) or dmE8-CAT
(dmES$, 0.5ug of SV408-gal in the presence of g of the indicated vectorgeft pane]

?gﬁ&'@;g’ﬁ;}egﬂeﬁl‘;figmir']'gf‘psgm/fh}’ggtggreerfglezf'Sgﬂ%ﬂ;g;gg}i%ﬁ;gﬁfﬁ phorylation assays. Kinase assays demonstrated strong preferential
expressing dominant negative IiKprotein @InlKKbetd. After 24 h, cultures were Phosphorylation of GST-widB-a compared with GSTA2 |kB-« or
harvested, and sample_s,_normalizedﬁayal activity, were ass_ayed for CAT activity. The_ GST-3C kB-a (Fig. 4B). To verify the involvement of CK2, two
s for EBLCAT sty are represeried s ol It over S8 AT *Mieective pharmacological inhibitors of CK2, apigenin or emodin,
were used either with cells in culture or with cell extracts (29, 30).
Apigenin is a plant flavonoid that has been shown to be more effective
in vitro, although it can also inhibit intracellular CK2 activity (31).
Hs578T cells were incubatedrf@ h in thepresence of 20, 40, or 80
1M apigenin or a volume of carrier DMSO equivalent to 80 (Fig.
4C, left pane). A decrease of 1.5-2-fold in phosphorylation of GST-
wtlkB-a was observed with the extracts. Alternatively, WCEs were
treated with similar concentrations of apigenin (Fig, 4ight pane).
A dose-dependent inhibition was noted that was more potent than in
cells, as seen previously. The natural plant anthraquinone derivative,
emodin, has been shown to inhibit CK2 activity by competitively
binding to its ATP-binding site (30). The addition of emodin similarly

) - MCF-10F Df?’fl ) BP-1 caused a dose-dependent decrease in CK2 activity both in Hs578T
5 S bion of KK edces NF actutyn D31 80 L cells e of cells o in extracts with almost complete inhibiion at 2g/m (Fig
or dmES, 0.5ug of SV404-gal in the presence of eitherdg pCMV-Neo parental or  4C). Thus, apigenin and emodin reduced GSTwBta kinase activ-
PCMV-IKK BSS/AA vector, expressing dominant negative |Ktprotein. After 48 h, jty when added to extracts or to cells in culture. Lastly, to confirm the
cultures were harvested, and samples, normalizeg3fgal activity, were assayed for J,O|e of CK2 in the observed phosphorylation, a CK2-specific peptide

CAT activity. The values for E8-CAT activity are represented as fold induction ov )
dmES-CAT activity. substrate RRREEETEEE was added as competitor (9. Zhe
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addition of the peptide substrate RRREEETEEE effectively reduced A
phosphorylation of the GST-wtB-« substrate. Thus, the assay for
CK2 activity using GST-B-a as a substrate appears to be specific.
Furthermore, the results indicate that Hs578T cells display CK2
|kB-a kinase activity.

Next, we compared the relative CK2 activity in the untransformed
MCF-10F mammary epithelial parental cells with levels in the car-
cinogen-transformed lines BP-1 and D3-1 and the Hs578T breast
cancer cells. The CK2 kinase activity was clearly higher in all of the
tumor cells compared with the MCF-10F line (FigA)5 Compared
with MCF-10F cells, the relative increase in CK2 kinase activity was
2.2-,2.5-, and 2.2-fold in Hs578T, BP-1, and D3-1 cells, respectively.
Increased CK2 activity is most often attributable to increased levels of
CK2 protein expression. To assess the relative levels of CK2 protein
in the cell lines, immunoblot analysis was performed for the €K2
subunit of CK2 using the WCEs (FigB». The Hs578T, D3-1, and
BP-1 cells expressed higher levels of GKZhan MCF-10F cells
expressed. Equal loading was confirmed by analysig3factin ex-
pression. (A slightly lowep-actin level was routinely detected in the
Hs578T cells; data not shown.) The results from this and a duplicate
experiment were quantified. Compared with the MCF-10F cells, an
approximate 2.20.3-fold, 1.6-0.1-fold, and 1.6:0.3-fold increase
in the level of CK2x protein was found in the Hs578T-, BP-1-, and
D3-1-transformed lines, respectively. ThuBta kinase activity
directed by CK2 is increased in these breast tumor cell lines, and this
increase can be explained by an increase in levels ofcOptein.

Inhibition of CK2 Reduces NF-«kB Activity in Hs578T Cells. To

- 20 60 100 Apigenin (uM)

evaluate the role of CK2 in the constitutive levels of NB-in breast C
cancer cell lines, we chose the CK2-selective inhibitor apigenin. Hs578T 20000 BDMSO
cells were incubated for 2.5 h in the presence of 20, 60, or @@0 20000 O Anloenin
apigenin or with the concentration of carrier DMSO equivalent to @0 £ co000 P
(—apigenin). Nuclear extracts were prepared and analyzed fatBNF- -§ £ S
binding activity by EMSA (Fig. ). Two major complexes were seen in = E pries
the untreated Hs578T cells. Successful competition with wt but not E g Sobui
mutant oligonucleotide and inhibition upon addition B« confirmed z % -
the specificity of the NR<B binding (Fig. @). Antibody supershift = ;
analysis indicated that complex 2 represents p50/RelA, and complex 1 is (BN
a homodimer of p50, consistent with our previous observations with this s ' ' '
0 025 05 1 15 2
dnlKKbeta (1g)
A A '\é’ Fig. 6. Apigenin inhibits CK2 activity and NikB binding and transcription in Hs578T
({b &7 N ~ cells.A, binding assay. Cells were incubated for 150 min in the presence of 20, 60, or 100
é) ‘@O é' Q":' um apigenin dissolved in DMSO or a volume of carrier DMSO equivalent to d0@-).
Nuclear extracts were prepared, and sampleg.@b were subjected to EMSA using
%) B oligonucleotides containing either NdB- or Sp1-binding element®, supershift analy-
kDa wt A2 wt A2 wt A2 wt A2GST-IxB-oc sis. Samples of Hs578T cell nuclear extracts (2g) were incubated overnight at 4°C in

the absence (-) or the presence gi@ of antibody against the p65 subunit, p50 subunit,
p52 subunit, c-Rel NiB subunit, 250 ng of#B-a-GST, or GST protein and subjected
64.9- . - ' ' = wit GST-IkB-o to EMSA for NF«B as described in “Materials and Methods.” To test for specificity of
52.8- - . A2 binding, the binding reaction was incubated withx2@xcess unlabeled WURE w) or
mutant URE oligonucleotidedJRE mu}, as indicated. NFB bands 1 and 2 contain p50
homodimer and p50/RelA heterodimer complexes, respecti@lyranscriptional activ-

& ity. Cultures were transiently transfected in duplicate wiftaglof NF-«xB element-driven

B o.a& .S luciferase reporter construct and Qu§ of SV408-gal in the presence of the indicated
é\ G”c’ NN amount of pCMV-IKKBSS/AA vector, expressing dominant negative |KIigrotein and
‘Q? @ q‘} Q"s enough pCMV-Neo parental DNA to maintain a constant amountuaf.2After 16 h, cells

were incubated fio6 h in thepresence of 6Qum apigenin dissolved in DMSOL() or
equivalent volume of carrier DMSCHM). Cultures were then harvested, normalized for

<« CK2-a B-gal acti_vi_ty, and assayed for luciferase activity. The values for luciferase normalized for
. — -- B-gal activity are represented.

SN < f-actin line (7). Apigenin reduced the formation of both bands 1 and 2 in a

Fig. 5. CK2 activity is elevated in breast cancer cell lines. WCEs were prepared frocriﬁ)se_d(:"pemjeﬂt fashion. Little Change was noted athONhereas a

cultures of Hs578T, D3-1, and BP-1 breast cancer cells and untransformed MCF-10F celstantial decline in the upper pS0/RelA complex was observed at 60

at 70% confluenced, CK2 activity. Samples (1Qug) were subjected to a CK2 kinase ;ym, At a concentration of 100w, reduced formation of both complexes
assay, as above, using either GSTrBHa (Wt) or GSTA2 IkB-a (A2) as substrateB,

CK2a protein levels. Samples (50g) were separated by SDS-PAGE, and the same bldf\lé}s noted. In contrast, litle effect was seen on the blnd!ng of Spl
was subjected to immunoblot analysis for GKand g-actin levels. (Fig. 6A). When these results were scanned and normalized to the
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Spl-binding activity, a 70% decrease in classical#Fwas noted with Taken together, these results indicate that breast cancer cells display a
60 um apigenin. At 100um apigenin, decreases of 95% and 80% isubstantial increase in activity of kinases that inducexdBFactivity and
p50/RelA and p50 homodimers, respectively, were observed. Next, that this induction can promote the transformed phenotype, as measured
verified that the NF«B transcriptional activity is decreased by inhibitionby anchorage-independent growth of these cells.
of CK2 using either apigenin or emodin. After transfection with vectors Primary Breast Cancers, Displaying Increased NF«B-Binding
expressing an NikB element luciferase reporter plus SVB@al, for  Activity, Have Either Increased IKK or CK2 Kinase Activities.
normalization, cells were incubated overnight and then treated with eitiaxt, we asked whether these threeBlkinases are activated in
60 um apigenin or 25.g9/ml emodin. The treatments were performed foprimary human breast cancer specimens and whethekBNFduc-
6 h to ensure sufficient time for the transcriptional activity to decline arttbn correlates with kinase activation. Two sets of human primary
for decay of the luciferase protein. Apigenin treatment resulted in &neast tumors were studied. The pathological characteristics and ste-
approximate 43% decline in NkB activity (39.2 = 3.8% and roid receptor data that were available from these patient cases (Table
45.6 = 6.1% in two separate experiments). Emodin treatment causedlamnd data not shown) show that 9 of 16 were estrogen receptor (ER)
approximate 30% drop in NkB activity (35.9+ 3.6 and 24.9+ 1.8% positive, 2 of 16 were ER intermediate, and 5 of 16 were ER negative,
in two separate experiments). Taken together, these results suggesithareas 14 of 16 were progesterone receptor (PR) positive. Nuclear
inhibition of CK2 leads to a reduction of nuclear MB-binding activity ~extracts were prepared from frozen breast tumors and used faBN\F-
in Hs578T breast cancer cells. binding by EMSA. Because potential contamination with hematopoi-
To assess whether inhibition of IKK and CK2 activities would betic cells could significantly affect the analysis, our strategy was to
additive, NF«B luciferase reporter activity was measured in Hs578&lso test for such contamination using a binding assay for PU.1 and
cells cotransfected with increasing doses of the dominant negativg IKKCF-1, which are present in B lymphocytes, neutrophils, mast or
expression vector and treated ® h with 60 um apigenin. A dose- myeloid cells, and T cells. Fig. 7 and Fig. 8 show data obtained from
dependent drop in NkB activity was seen with the dominant negativehe analysis of the first group of six patient samples, and Table 1
IKK B expression vector, which reached a plateau at 40% inhibition withesents the findings for every PU.1- and TCF-1-negative sample
a 1.5ug expression vector DNA (Fig.@. Furthermore, addition of from the two sets analyzed.
apigenin increased the extent of inhibition (by 37 to 48%) at every doseln analysis of the first six specimens, binding of full-length PU.1
of dominant negative IKIg expression vector used;g.,NF-«xB activity —protein was detected in sample 6679, and a clipped form of PU.1
was inhibited a total of 71% in cells treated with apigenin anduly5- protein was detected in patients 6680, 6921, and 6613 (Rigleft
dominant negative IKIg expression vector DNA. These results indicatpane). These findings were confirmed using immunoblot analysis
that the effects of IKK and CK2 on NkB are additive. (data not shown). Compared with Jurkat T cells, only low and com-
Inhibition of NF- kB Reduces Anchorage-independent Growth parable levels of binding to TCF-1 was detected in the tumor extracts
of Hs578T Human Breast Cancer Cells.Next, we assessed the role(data not shown). Two of the samples (6731 and 6712) that tested
of NF-kB in transformed phenotype using anchorage-independerggative for PU.1 were found to express relatively high levels of
growth of Hs578T breast cancer cells. Because the dominant neg&tiveNF-«xB binding (Fig. A, right pane). The gels were subjected to
IKKAP1 construct, encoding a COOH-terminal deletion-mutant afensitometry, and the results of the analysis of all of the samples that
IKK y/NEMO/IKKAP1, has been shown to inhibit activities of bothtested negative for PU.1 and TCF-1 are presented in Table 1.
IKK o and IKKB (8-10), it was selected for analysis here. Using trans- To identify which NF«B subunits are present in the nuclear ex-
fection into Hs578T cells, we first confirmed the ability of expression dfacts, immunoblot analysis was performed using antibodies specific
the AC IKKAP1 vector to decrease classical MB-binding levels by for RelA (p65), c-Rel, p50, and p52 (FigBY. Both samples 6712 and
70% (data not shown). Cultures of Hs578T cells were then transfecte®ifB81 displayed nuclear p65 proteins, as did 6679. When c-Rel was
triplicate with parental pcDNA3EE vector or with 3- or 1@ AC assessed, only 6731 displayed detectable levels of expression. The
IKKAP1 vector and assessed for growth in soft agar. The colonies/high0 or p52 subunits were detected in both patient samples. (The p50
power field were as follows: for pcDNA3EE, 132 34; 3-ug AC in sample 6712 had a slightly faster mobility than p50 in sample
IKKAP1, 84 = 16; and 10ung AC IKKAP1, 57 = 11. As expected, 6731.) Sample 6731 displayed somewhat more expression of p50
transfection with a vector expressing full-length IKRKNIEMO/IKKAP1  (band 1) than p52, whereas sample 6712 expressed more p52 than p50
had no effect on NB activity or colony formation (data not shown). (Fig. 7B). Thus, sample 6731 contains transactivating subunits RelA
Thus, a dose-dependent reduction in colony numbers was seen \witld c-Rel, whereas 6712 contains RelA. The data for expression of
transfection of thé\C IKKAP1 vector compared with the parental vectorRelA and c-Rel in the two sets of patient samples are summarized in

Table 1 IKK and CK2 kinase activity in primary human breast specimfiens

Kinase activity

ER/PR levels NF-«kB
Patient Tumor type (fmol/mg) binding® RelAP c-ReP IKK o IKK 8 CK2
671Z Right infiltrating ductal cancer 006/000 3939 2578 d . 129 178 2446
6731 Right breast mass 026/162 4868 1137 687 432 114 1809
6885 Not available 002/010 114 - - 230 316 6143
8357 Right invasive lobular cancer 000/000 970 - - - nd 341
8359 Ductal cancer 001/004 646 - - 182 276 415
8360 Left infiltrating ductal cancer 051/035 344 - - - 294 231
8361 Right breast mass 022/006 6022 4764 74 133 1164 1106
8364 Not available 123/372 1866 1713 - 355 1395 819
8385 Metastatic cancer 018/011 2840 2938 652 247 980 758
6698 Left breast mass 367/033 3689 - - 137 243 3902

2Table presents results observed with two groups of 6 and 10 primary human breast specimens. Only data from PU.1- and TCF-1-negative tumorsateevebi@morinalized
by using the same cell extracts from WEHI 231 B cells in every assay (data not shown).

b Densitometry, arbitrary units.

¢ From the first series of patients.

9., no expression/activity detected; nd, not done.

3815



IKK AND CK2 KINASE ACTIVITIES IN BREAST CANCER

A % x_ B NF-kB-binding activity. No phosphorylation was detected using a
@?a?’ A Y " mutant of kB-a at Ser-32 and Ser-36 as substrate, confirming the
SeR’d Yo DO A NA ¥ & e .

Fet et SV Sy o Y  specificity of the kinase assay (data not shown). Thus breast cancers
S iob N @é\ " A N . S . o
) o b display activation of CK2, IKKy, IKK B, or various combinations of
2— these kinases, which correlate and are, therefore, likely responsible for

RelA . the aberrant NFB activation in these primary tumors.
c-Rel == DISCUSSION
l_. ' . M pS0 -« In this study, we show that human breast cancer cell lines and

primary human breast tumor specimens display elevated CK2BJKK
NF-xB P52~ e and/or IKKa 1 «B kinase activities. Inhibition of any of these activities
PU.1 in the breast cancer cells resulted in reduced functionakBiRel.
Fig. 7. NF«B activation in patient breast cancer specimefsuclear extracts were Reduced NFieB levels, via expresglon of a dominant negat.lve K
prepared from the indicated anonymous patient specimens, and samptsigre used NEMO/IKKAP1 to repress thedB kinase complex, resulted in loss of
in EMSA with oligonucleotides specific for PU.1, which is present in B lymphocytessoft agar colony formation ability. Previously, we and others (5, 6)
;Z;’t};‘ﬁ@h('j'zb f;‘ge’(;‘apsb_aln‘;r’(‘)‘é?;‘;'daf:”iiai:';‘ggr a‘f"ﬁb;:gspgsg'r‘]’(;‘slf’frg;;:;f\‘ﬁ;;“d demonstrated that primary breast cancer samples from patients or
specimens (6731 and 6712) that appeared negative for PU.1 and positive fB NFffOm a carcinogen-induced rodent model, as well as cell lines in
binding. B, samples of the nuclear extracts frén(20 ng) for patient samples 6631 and culture, are typified by aberrant activation of MB- In contrast, only
f;ﬁs"fv;rfhzug{;cgn:glggrcvirr‘gt;g’;:n”ﬂgﬁ;%' g;grszséfg of RelA, c-Rel, pS0. and pR& |evels of NF«B/Rel factors are present in the nuclei of normal
breast epithelial cells (5, 7). These results, which were extended to
additional patients here, have been confirmed recently by other lab-
Table 1. Essentially, all of the tumors tested positive for the p50 oratories (6, 32—-34). For example, Cogswedllal. (34) showed that
p52 subunit (data not shown). Of the 10 PU.1/TCF-1-negative bre&seast tumors compared with adjacent normal tissues display in-
cancer samples characterized, 3 displayed only low levels okBIF- creased mRNA and protein expression of the AB=subunits p50,
binding, whereas 1 had a minimally elevated level, and 6 showed
substantially elevated levels of NEB binding.
Cytoplasmic extracts from tumors of these patients were then tesA CK2

for CK2 IkB-a kinase activity using GST-wikB-« as substrate (Fig. S AADDILSD S >

8A; and data not shown). Two of the six primary tumor samples fro b@ S EELEL

the first set of patients showed elevated CKkB1« kinase activity, kDa

patients 6731 and 6712 (FigAB As a negative control for the kinase

assay, two samples were tested with GET1kB-a as substrate. The 042 = # S - =23 GST-IxB-o
extracts failed to phosphorylate thigB-« protein containing a dele- 2.3~ - -

tion of the PEST domain sequences. Lastly, to confirm the specifici — P T R

of the assay for CK2, the selective inhibitor apigenin was added to t +Api

reaction with wtkB-a as substrate. Apigenin dramatically reduce:
IkB-a phosphorylation with samples 6680 and 6731, confirming tt
reactions were mediated by CK2. The results from the two sets
patients were quantified by densitometry; the data for the PU.1/TC
1-negative samples are presented in Table 1. Three of the specirr
displayed low levels of CK2 activity (between 231 and 415 dens Kinase activity = < GST-witlkB-a
tometry units), whereas the remaining specimens had either mode

increased (758 to 1106 densitometry units) or substantially eleva Immunoblot - rm ' . F‘ ;‘

levels (1809 to 6143 densitometry units; Table 1). The three spe

mens with low CK2 also displayed low or minimally elevated NB- C KK
binding. Six samples displayed elevated levels of CK2 andkBF-

B IKKa

binding, whereas only one specimen (6885) showed hifhd CK2 é?Q é\q @"?’@”}é&@@
kinase activity without detectable high N&B nuclear activity.
Activities of the IKKa and IKKB kinases were evaluated after Kinase activity = <4 GST-wtlkB-o.
immunoprecipitation with their specific antibodies, and the data a
presented in Fig. 8 andC, respectively. The results for PU.L/TCF-  prnounoblot Bod ¢ L

1-negative tumors are shown in Table 1. Tumor samples 6731 &
8;364 exhibited mOde_Stly increased Ie\_/els_ QB*“_k_'nase aCj[IVIty Fig. 8. CK2 and IKK activity in patient breast cancer speciménsCK2 kinase assay
directed by IKKx and increased NkB-binding activity. Consistent was performed with samples (20g) of cytoplasmic extracts from the indicated coded

with data obtained with tumor cell lines. increased ltKl&CtiVity in patient samples and with GST-wB-« (WT) as substrate or as a negative control GET-
. . . . IkB-a (A2; with deletion of amino acids 269-317 including COOH-terminal PEST
primary tumors did not seem to be attributable to increased levelshain). As an additional control for CK2 specificity of the assay, inhibition of the

protein expression (Fig.B and data not shown). In the analysis obhosphorylation of GST-wiiB-a with the selective CK2 inhibitor apigenin was carried.

: w : equal amounts (15@g) of cytoplasmic extracts were immunoprecipitated with an
IKKB kinase activity, most of the samples ylelded values betwegrrﬁibody against IKI&. Portions (one-third total) were subjected to the kinase assay using

approximately 100 and 300 densitometry units; however, CytoSOUST-wtikB-a (top pane), whereas the remainder (two-thirds) was subjected to immu-
extracts from three specimens (8361, 8364, and 8385) displaywdlotting for _IKKad pfqtﬁin-cy eqlkl)aldamour)ts (llgﬁgs) of Clyt0FE|asmi§_ zxtracts were

- . jmmunoprecipitated with an antibody against amples (one-third total) were
grgatly elevat.ed IKIg activity (1164, 1395, ar!d 980 d.ensnometrYSubjected to kinase assay using GSTwkBHe, and the remainder (two-thirds) was
units, respectively). All of these three specimens displayed higtibjected to immunoblotting for IK& protein.
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p52, c-Rel, as well as Bcl-3, which could enhance p50 activity. Aggulation may play a role in the elevated CK2 and RB-expression
discussed below, the mechanisms mediating activation okBilRel seen in breast cancer. To date, there are no reliable dominant negative
factors, which regulate expression of genes that control cell prolifdinase inactive versions of CK2, which may reflect the complex
ation, survival, and transformation, are under investigation in mamature of the tetramer interaction. Thus, to inhibit CK2 we used the
laboratories. In this study for the first time, aberrant induction cfelective inhibitors, apigenin and emodin (29-31). Apigenin or em-
IKK a, IKK B, and CK2, key kinases that regulateBl stability and odin treatment reduced constitutive MB- activity, suggesting CK2-
NF-kB/Rel activation, is demonstrated in breast cancer. mediated phosphorylation ofkB-« is important in the aberrant

Aberrant nuclear NReB activity has been reported in multiple NF-kB activation seen in breast cancer cells. These findings are
cancers, including the human cutaneous T-cell lymphoma HuT-&&nsistent with previous studies (57, 58) showing the inhibition of
primary adult T-cell leukemias, acute lymphoblastic leukemia, andF-«B activity induced by lipopolysaccharide or interfergnin
pancreatic adenocarcinomas (2, 35-38). In hematopoietic and sotidcrophages or by TNE-in endothelial cells can be repressed by
tumors, mutations or modulation in the expression of tkB-& apigenin or emodin, although no analysis of the CK2 activity was
protein, as well as amplification, overexpression, or gene rearrangene in these reports. The mechanism by which CK2 modulates
ment of thenfkbl, nfkb2, bcl3, c-relor relA genes have been notedl«B-a stability remains to be determined, and the involvement of
(2). Mutations of kB-a have been reported that decrease affinity foproteasome-dependent and -independent pathways have been reported
NF-kB in Hodgkin lymphomas (39), whereas other studies (7, 40, 434, 17, 59). Overall, more work is required to determine the extent of
have correlated increased MB- expression in tumor cells of various involvement of these kinases in various cancers and the mechanisms
types with decreased stability ofB proteins. Furthermore, productsof their activation.
of several oncogenes have been found to activate<BlIFin breast Transfection of Hs578T cells with a dominant negative HWKEMO/
cancer, overexpression of the HER-2/Neu receptor, which is foundIKkKAP1 reduced NF«B binding, transcriptional activity, and colony
approximately 30% of patients, or of the epidermal growth factdormation in soft agar. Transfection of the dominant negative KK
receptor was found to induce p50/RelA complexes specifically (42ector also inhibited colony formation, although more modestly, consist-
44). Consistent with these findings, in our two studies, nuclear Rekxt with the fact that it only partially affects IKK activity (data not
was observed in several primary human breast tumor samples.shown). Using other methods to inhibit NdB/Rel factors, either a
contrast, only low levels of RelA were seen by Cogsvetlhl. (34), decrease in proliferation or survival has been seen. For example, Higgins
which likely reflect differences in the patient populations studiectt al.(60) demonstrated inhibition of growth of diverse tumor celigivo
Oncogenic Raf and Ras proteins (27, 45, 46) and the HTLV-1 tasing antisense oligonucleotides to the p65 subunit. We demonstrated
protein (4, 47) have also been found to induce AB--activity in  that microinjection of kB-a in Hs578T breast cancer or WEHI 231 B
multiple cell types. The details of pathways responsible for the ikells in culture led to apoptosis of 20—30% of cells (5, 61). In preliminary
creased NFR<B in tumor cells are only beginning to be resolved. experiments, inducible expression of the IEKominant negative pro-

IKK kinase has been implicated in the persistent RB-nuclear tein in stable D3-1 and Hs578T cell lines was found to reduce<RF-
activity in HTLV1-infected T lymphocytes (48), Hodgkin lymphomasactivity and growth rate (data not shown). B/Rel factors are known
(40), and melanoma cells (41). Recently, we demonstrated that atieontrol genes that mediate cell proliferatierg(,c-mycand cyclin D1,
vation of NF«B by oncogenic Raf is mediated by a Mek to II8K Refs. 4, 62), survivald.g.,IAP, Bcl-X,, and Bcl-2; Refs. 61-63), and
pathway (49). Ras has been found to induce diFvia phosphati- metastasisg.g.,urokinase plasminogen activator and metalloproteinases;
dylinositol 3-kinase to IKKx and also via the Raf pathway (49). InRefs. 63, 64). Thus, the different responses seen between the various
this study, all of the breast cancer cell lines studied displayed imethods of inhibition and cell types likely result from the magnitude,
creased activity of both IKK and IKKB. Furthermore, tumors from extent, and kinetics of inhibition of NkB, as well as upon the nature of
three patients were shown to have very high levels of Bkactivity, the subunits induced and coacting factors present that control expression
and tumors from two patients displayed modestly elevated levels afgenes regulated by this family.

IKK a. These latter findings suggest that differential pathways leading
to increased activation of these kinases occurred in the various tumor
specimens. It should be noted, however, that bothdkdad IKKG ACKNOWLEDGMENTS
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kinases. In future studies, the use of two-dimensional gel electro-
phoresis will be explored to determine whether the increase in activity
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